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En este trabajo hemos analizado, mediante el uso de inhibidores y activadores específicos, el 
papel del receptor de proliferadores peroxisomales gamma (PPARγ) y la glucogeno sintasa quinasa-3beta 
(GSK-3β) en neurogenesis en animales adultos, y el papel de los canales de calcio dependientes de voltaje 
(CCSV) tipo no-L y la fosfodiesterasa 7 (PDE7) en neuroprotección. 
 
Nuestros resultados muestran claramente que los ligandos de PPARγ, pioglitazona y rosiglitazona, 
estimulan la proliferación, diferenciación y migración de las células madre neurales in vitro. De acuerdo 
con los resultados observados in vitro, ratas adultas tratadas con pioglitazona presentan un aumento en la 
proliferación de células progenitoras en la zona subventricular de los ventrículos laterales y en la corriente 
migratoria rostral. Análisis por microscopía electrónica muestran también cambios importantes en la 
ultraestructura de la zona subventricular en los animales tratados con pioglitazona, incluyendo un 
aumento en el número de cadenas migratorias. Por otra parte, la inhibición de GSK-3β induce 
neurogénesis in vivo en la zona subgranular del giro dentado del hipocampo. Estudios in vitro con cultivos 
de neuroesferas demuestran que la inhibición de GSK-3β aumenta la proliferación y migración de las 
células madre neurales. Esta inhibición tiene también como resultado un aumento en el número de células 
con un fenotipo neuronal. Estos resultados sugieren que ambas dianas podrían jugar un papel importante 
en la expansión y diferenciación de las poblaciones de células madres en el cerebro adulto con el 
consiguiente interés terapéutico de cara a la reparación del daño neurológico.  
 
Con respecto a la neuroprotección, nuestros resultados muestran claramente que el nuevo 
inhibidor de CCSV tipo no-L, NP04634, tiene un potente efecto anticonvulsivo, antiinflamatorio y 
neuroprotector en un modelo de daño excitotóxico inducido por kainato en hipocampo. La administración 
por vía oral de NP04634 redujo el porcentaje de ratas que entraron en status epilepticus tras una inyección 
con kainato, aumentando además la latencia de entrada en dicho status y reduciendo la mortalidad en 
aquellas ratas que finalmente adquirieron dicho estado. El compuesto NP04634 previno además la pérdida 
neuronal en las capas CA1 y CA3 del hipocampo y redujo la activación glial inducida por kainato. 
Finalmente, nuestros resultados muestran que inhibidores de PDE7 protegen las neuronas dopaminérgicas 
y reducen la neuroinflamación in vitro frente al daño inducido por ácido kaínico y 6-OHDA. De acuerdo 
con estos resultados, el tratamiento de ratas adultas con los inhibidores de PDE 7,  S14 y BRL50481, 
disminuyó significtivamente la neurodegeneración dopaminérgica inducida por lipopolisacárido 
bacteriano y mejoró la función motora de los animales. Estos resultados sugieren que ambas dianas juegan 
un papel importante en neuroprotección y que por tanto podrían ser relevantes para el desarrollo de 
nuevas estrategias terapéuticas en procesos neurodegenerativos. 
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This work has analyzed, using specific ligands and inhibitor drugs, the role of the Peroxisome 
proliferator-activated receptor gamma (PPARγ) and Glycogen synthase kinase 3 beta (GSK-3β) in adult 
neurogenesis, and the role of non L-type voltage sensitive calcium channel (VSCC) and 
phosphodiesterase-7 (PDE7) in neuroprotection. 
 
Here we show a novel function for the nuclear receptor PPARγ in controlling stem cell expansion 
in the adult mammalian brain. We demonstrate that ligands of PPARγ, pioglitazone and rosiglitazone, 
induce proliferation, differentiation and migration of the neural stem cells in vitro. According with these 
results, adult rats treated with pioglitazone have elevated numbers of proliferating progenitor cells in the 
subventricular zone and the rostral migratory stream. Electron microscopy analysis also showed important 
changes in the subventricular zone ultrastructure of pioglitazone-treated animals including an increased 
number of migratory cell chains. Also, inhibition of the enzyme GSK-3β induces neurogenesis in the 
dentate gyrus of the hippocampus of adult rats. In addition, in vitro studies demonstrate that inhibition of 
GSK-3β induces proliferation, migration, and differentiation of neural stem cells towards a neuronal 
phenotype. These results suggest that PPARγ and GSK-3β could be play an important role in expansion 
and differentiation of the neural stem cells populations, what can represent a new promising strategy 
for restoring neurogenesis 
 
Our results also show that intragastrical administration of NP04634, a novel non L-type VSCC 
inhibitor, could prevent the entrance in status epilepticus and the neuronal loss evoked by intraperitoneal 
injection of KA. Our results show that administration of NP04634 reduced the percentage of rats which 
entered SE after KA injection, increased the latency of SE entry, and significantly reduced the mortality 
of rats which entered status epilepticus. Also, NP04634 prevented the loss of hippocampal CA1 and CA3 
pyramidal neurons and reduced the gliosis induced by KA. These results point to a potential 
anticonvulsant and neuroprotective role for NP04634. We have also demonstrated that inhibition of PDE7 
enhances neurprotection and diminishes neuroinflammation in well-characterized cellular and animal 
models of Parkinson Disease. Treatment of adult rats with the blood brain barrier permeable PDE7 
inhibitor named S14, significantly protects dopaminergic neurodegeneration and improves motor function 
in lipopolysaccharide-lesioned animals. We also show that S14 effects are mediated by the cAMP/PKA 
signaling pathway. As such, these findings identify PDE 7 as a potential new therapeutic target for the 
treatment of Parkinson disease.  
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1.- NEUROGÉNESIS EN EL CEREBRO ADULTO. 
En mamíferos la neurogénesis se produce fundamentalmente durante el periodo prenatal 
aunque también se ha demostrado que el cerebro adulto tiene la capacidad, aunque limitada, de 
generar nuevas neuronas. La capacidad neurogénica del sistema nervioso central (SNC) adulto, 
está restringida fundamentalmente a dos nichos neurogénicos: la zona subventricular (ZSV) de 
los ventrículos laterales y la zona subgranular (ZSG) del giro dentado (Gage, 2002; Luskin et al., 
1997). La  neurogénesis es un proceso complejo que implica múltiples actividades celulares 
incluyendo la proliferación de células madre neurales (progenitores), migración y diferenciación, 
supervivencia, adquisición de destino celular y maduración e integración de las nuevas neuronas 
formadas, procesos a su vez regulados por múltiples factores (Alvarez-Buylla and Lim, 2004; 
Zhao et al., 2008). El conocimiento detallado de estos factores y su mecanismo de acción, nos 
podría proveer de instrumentos que nos permitieran ampliar la limitada capacidad neurogénica 
del cerebro adulto y consecuentemente abrir nuevos campos para el desarrollo de terapias 
eficaces en el tratamiento del daño cerebral y de las enfermedades neurodegenerativas. 
 
1.1.- Células madre neurales en el adulto. 
Las células madre son células precursoras que se caracterizan por tener un ciclo celular de 
división lento, capacidad de autorrenovación a largo plazo y multipotencialidad, pudiendo dar lugar 
de manera constante a distintos tipos celulares (Drapeau and Nora Abrous, 2008; McKay, 1997; 
Seaberg and van der Kooy, 2002).  
 
En el caso del SNC para que una célula pueda ser considerada célula madre debe tener el 
potencial de poder diferenciarse a neurona, glia u oligodendrocito, además de tener capacidad de 
autorrenovación (McKay, 1997). El factor de crecimiento epidérmico (EGF) y el factor de 
crecimiento de fibroblastos-2 (FGF-2), juegan un papel fundamental en la proliferación de estas 
células tanto in vitro como in vivo (Doetsch et al., 2002). Dicho papel es fácilmente observable in 
vitro ya que estos factores promueven la formación de neuroesferas (NS), que son agrupamientos 
de células madre neurales no diferenciadas que se pueden obtener a partir de las dos principales 
regiones neurogénicas en el adulto, la ZSV y la ZSG (Figura I). Las NS se forman cuando se crecen 
las células madre en suspensión, pudiéndose inducir su diferenciación mediante fijación de las 
mismas a un sustrato. En estas condiciones de cultivo, las células de la neurosfera migran y 
diferencian hacia los tres tipos celulares característicos del SNC: neuronas, células gliales y 
oligodendrocitos  (Reynolds and Weiss, 1992). Por tanto, las NS constituyen un modelo excelente 
para el análisis de posibles factores que pudieran tener una incidencia sobre dichos procesos. 
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1.2.-Zona subventricular (ZSV) de los ventrículos laterales. 
 La ZSV se localiza en la pared lateral de los ventrículos laterales, y constituye el mayor 
nicho neurogénico en el cerebro adulto. Las células madres neurales de la ZSV son capaces de 
generar nuevas neuronas que migran al bulbo olfatorio (BO) (Lois and Alvarez-Buylla, 1994; 
Luskin, 1993), aunque también se ha sugerido que podrían migrar a otras regiones del cerebro 
(Gould et al., 1999; Magavi et al., 2000). Además la ZSV también es fuente de células gliales 
(Goldman, 1995; Levison and Goldman, 1993; Nait-Oumesmar et al., 1999).  
 
La ZSV se compone de distintos tipos celulares con una serie de características que hacen 
que sean fácilmente identificables mediante técnicas de microscopía electrónica (Figura II). Los 
astrocitos (células de tipo B), que in vivo funcionan como precursores neurales, se caracterizan por 
un soma de gran tamaño y por tener el citoplasma poco denso y rico en filamentos intermedios. 
Pueden ser de dos tipos: células tipo B1, que contactan con la cavidad ventricular y de tipo B2 
localizadas basalmente entre el parénquima estriatal y las células tipo A (Doetsch et al., 1997). Las 
células tipo B2 se caracterizan por tener un contorno irregular, menor cantidad de ribosomas libres 
en su citoplasma y la cromatina mas compacta (Alonso et al., 2008; Doetsch et al., 1997). Las 
células B1 poseen un pequeño cilio primario orientado hacia la cavidad, responsable del control de 
la proliferación celular, y una expansión que contacta con los vasos sanguíneos (Han et al., 2008). 
Estas células tipo B1 dan lugar a progenitores neurales o células de tipo C, caracterizadas por tener 
un citoplasma muy denso, donde se diferencia claramente el aparato de Golgi, un núcleo irregular 
con invaginaciones, cromatina laxa y un gran nucleolo reticulado (Doetsch et al., 1997). Las células 
tipo C tienen una gran capacidad proliferativa, y se dividen simétricamente para dar lugar a 
neuroblastos con capacidad migradora (células de tipo A). Estas células A se identifican por su 
pequeño tamaño y por tener un núcleo denso y escaso citoplasma, características propias de células 
migradoras.  
Figura I.- Esquema de los dos principales nichos neurogénicos del cerebro adulto: la zona subventricular de los 
ventrículos laterales (ZSV) y la zona subgranular del hipocampo (ZSG). BO, bulbo olfatorio; CCG, capa celular granular; 
CMR, corriente migratoria rostral; St, estriado.  
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Doetsch y cols. (Doetsch et al., 1999) observaron que al eliminar las células de tipo A y C, 
éstas eran capaces de regenerase a partir de las células B, demostrando que las B efectivamente 
actuaban como células precursoras  Además recientemente se ha descrito que las células de tipo B 
in vivo son capaces de dar lugar a oligodendrocitos que migran al cuerpo calloso (Gonzalez-Perez 
et al., 2009; Menn et al., 2006). Por su parte las células de tipo A (neuroblastos) migran 
ventralmente a través de la corriente migratoria rostral (CMR) hacia el BO para convertirse en 
interneuronas (Alvarez-Buylla and Garcia-Verdugo, 2002; Lois and Alvarez-Buylla, 1993; Lois 
and Alvarez-Buylla, 1994) lo cual es fundamental para el mantenimiento de la capacidad olfativa 
(So et al., 2008). Otro componente de la ZSV son las células de tipo E (células del epéndimo) que 
forman una monocapa epitelial que separa la ZSV de la cavidad del ventrículo. También se ha 
descrito que los vasos sanguíneos de la región tienen gran importancia neurogénica puesto que 
intervienen en la activación de los nichos neurogénicos (Shen et al., 2008). 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
         
 
 
 
 
 
 
 
La corriente migratoria rostral (CMR) es la ruta a lo largo de la cual los neuroblastos 
migran desde la zona mas rostral del ventrículo lateral hacia el BO (Figura III), donde se 
diferencian a neuronas granulares y periglomerulares (Alvarez-Buylla and Lim, 2004; Lois and 
Alvarez-Buylla, 1994). Los neuroblastos en migración que forman cadenas migratorias hacia el 
Figura II.- Nicho neurogénico de la zona subventricular (ZSV) en el cerebro adulto. A) 
Imagen de microscopía electrónica que muestra los distintos tipos celulares, células tipo A 
(neuroblastos migradores), células de tipo B (astrocitos), células de tipo C (progenitores 
neurales)  y células de tipo E (células del epéndimo). B) Representación esquemática de la 
organización de la ZSV en el adulto, Mi, microglía; V, vaso sanguíneo. González-Pérez et 
al., 2009. 
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bulbo olfatorio, se caracterizan por tener una morfología alargada. Estas cadenas incluyen también 
células gliales que actúan como soporte direccional de los neuroblastos y evitan que se salgan 
prematuramente de la ruta de migración (Alvarez-Buylla et al., 2002). Que la migración de 
neuroblastos a los largo de la CMR se realice correctamente depende de múltiples proteínas entre 
las que se incluyen proteínas de adhesión y de la matriz extracelular. En concreto la forma 
polisialilada de la molécula de adhesión celular neural (PSA-NCAM), está implicada en el 
establecimiento de contactos entre los neuroblastos en migración y las células gliales que los 
soportan, y por tanto, juega un importante papel en la migración. Esta molécula esta presente en los 
neuroblastos en migración, pero no en otros tipos celulares de la CMR, por lo que se utiliza como 
marcador específico de neuroblastos en la CMR (Battista and Rutishauser, 2010; Bonfanti and 
Theodosis, 1994; Rousselot et al., 1995). Otras proteínas que se utilizan como marcadores de 
neuroblastos son la doblecortina (DCX), marcador endógeno para neuroblastos en división y 
neuronas inmaduras (Brown et al., 2003; Couillard-Despres et al., 2005) y β-tubulina, marcador de 
nuevas neuronas (Doetsch and Alvarez-Buylla, 1996). 
 
 
 
 
 
 
 
 
 
 
1.3.- Zona subgranular (ZSG) del hipocampo. 
 La ZSG del giro dentado del hipocampo es una región proliferativa rica en progenitores 
neuronales que dan lugar a neuronas granulares (Figura IV). Los progenitores de esta región son 
astrocitos radiales (células tipo B), que se localizan en la parte mas interna de la capa granular, 
junto al hilus. Estas células han demostrado tener in vitro propiedades multipotenciales (Seri et 
al., 2001; Song et al., 2002). In vivo parecen tener capacidad limitada de diferenciación, por lo 
que algunos autores consideran a las células tipo B como progenitores neuronales en lugar de 
células madre neurales del adulto. Estas células se dividen asimétricamente para dar lugar a 
células de tipo D que se diferencian localmente en neuronas granulares maduras. Parece ser que 
estas neuronas recién formadas están implicadas en procesos relacionados con la memoria, el 
aprendizaje o la depresión (Aimone et al., 2006). Las células D también expresan PSA-NCAM y 
Figura III.- Esquema de la corriente migratoria 
rostral (CMR) que parte desde la zona 
subventricular (ZSV) hacia el bulbo olfatorio (BO). 
CC, cuerpo calloso; Ctx, corteza; VL, ventrículo 
lateral. 
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doblecortina, compartiendo similitudes con los neuroblastos de la ZSV (Seri et al., 2004; Seri et 
al., 2001).  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Las neuronas granulares recién formadas solo migran una corta distancia para integrarse en 
la capa granular adyacente. A continuación extienden sus dendritas y axones, los cuales llegan 
hasta la capa CA3 del hipocampo (Zhao et al., 2006). 
 
1.4.- Uso terapéutico  de las células madre 
 Las células madre neurales podría ser de gran utilidad para la reparación del sistema 
nervioso central tras un daño traumático o enfermedad neurodegenerativa. Múltiples datos 
indican que la neurogénesis puede estimularse en situaciones de daño cerebral. Por ejemplo se ha 
descrito la presencia de marcardores neurogénicos en regiones que han sufrido isquemia 
(Carmichael, 2003; Jin et al., 2001; Zhang et al., 2004), epilepsia o daño traumático (Curtis et al., 
2003; Liu et al., 1998; Parent et al., 1997). En ciertos modelos de enfermedades desmielinizantes 
se ha observado como los progenitores de la ZSV migran hacia aquellas regiones donde la 
desmielinización es mayor, y se diferencian a células gliales (Brundin et al., 2003; Picard-Riera 
et al., 2002) 
No obstante existen trabajos que demuestran que en determinadas enfermedades 
neurodegenerativas, se da una disminución de la proliferación celular en las regiones 
neurogénicas. En modelos experimentales con ratones que reproducen características patológicas 
de la enfermedad de Alzheimer (EA), se ha descrito una pérdida de capacidad neurogénica en la 
ZSV (Regan et al., 2006). Esta disminución se observa también en cerebros postmortem de 
pacientes de Parkinson (EP), sugiriéndose que la perdida de actividad neurogénica es debida a 
Figura IV.- Esquema de la zona subgranular en el hipocampo. Las células de tipo B (astrocitos) son 
progenitores primarios que dan lugar a progenitores intermediarios (células D1-D4) las cuales formaran 
neuronas granulares. González-Pérez et al., 2009. 
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que la ausencia de dopamina afecta a los precursores neurales en el adulto (Hoglinger et al., 
2004). Estos datos sostienen que en enfermedades neurodegenerativas como Alzheimer o 
Parkinson, no sólo se produce degeneración y muerte de las neuronas maduras, sino que también 
influye negativamente en el proceso de formación de nuevos progenitores neuronales en el 
cerebro adulto. De acuerdo con estos datos, la estimulación de aquellas poblaciones de células 
madre endógenas y progenitores neuronales, podría ser un método prometedor para mejorar la 
funcionalidad en algunas de las regiones afectadas por patologías neurodegenerativas. 
 
Existen factores extrínsecos e intrínsecos que influyen en el mantenimiento y en la 
regulación de la neurogénesis in vivo (Ostenfeld and Svendsen, 2003). Entre los extrínsecos se 
encuentran un gran número de factores de crecimiento que han demostrado inducir la proliferación 
y diferenciación de precursores celulares, entre los que se incluyen el factor de crecimiento similar 
a insulina de tipo 1 (IGF-1) (Anderson et al., 2002), EGF (Doetsch et al., 2002), FGF-2 (Bartlett et 
al., 1995; Johe et al., 1996), el factor neurotrópico derivado de cerebro (BDNF) (Larsen et al., 
2007) y Noggin (Lim et al., 2000). La neurogénesis en el adulto se ve influida también por la 
activación de varios factores intrínsecos, entre los que se encuentran de forma destacada los 
factores de transcripción Pax 6 (Hack et al., 2005; Kohwi et al., 2005), Notch 1 (Lutolf et al., 2002) 
y Mash 1 (Parras et al., 2004). Entender el mecanismo de acción de estos y otros factores sobre la 
neurogénesis así como identificar nuevas dianas implicadas en este proceso, constituiría sin duda 
un gran avance en el uso con fines terapéuticos de los nichos neurogénicos del adulto. De esta 
manera se podría inducir la producción de nuevas neuronas y células gliales, capaces de reparar el 
daño producido y servir como terapia en diversos trastornos del SNC como epilepsia, 
traumatismos, isquemias y enfermedades  neurodegenerativas.  
 
2.- MUERTE NEURONAL: DAÑO AGUDO Y NEURODEGENERACIÓN.  
El daño neural agudo y las enfermedades neurodegenerativas se caracterizan por una 
pérdida gradual y selectiva de neuronas en las regiones afectadas del sistema nervioso. Entre las 
patologías que causan daño neuronal se encuentran la isquemia, traumatismos, epilepsia y 
enfermedades como Parkinson o Alzheimer. La patogénesis de estos trastornos neurológicos es 
multifactorial, con una compleja combinación de factores genéticos y ambientales. A pesar de no 
conocerse en detalle las causas y mecanismos por los cuales se produce la muerte neuronal en estas 
alteraciones, se sabe que algunos factores juegan un papel primordial. Entre estos factores destacan 
la generación de especies reactivas de oxígeno, el incremento en la concentración citoplásmica de 
Ca2+, las disfunciones mitocondriales o los procesos de neuroinflamación y excitotoxidad.  
 
 
    Introducción 
19 
2.1.- Epilepsia. 
La epilepsia es un desorden neurológico común caracterizado por la presencia de ataques 
convulsivos recurrentes (Sander and Shorvon, 1996). Aproximadamente el 40% de las epilepsias 
son adquiridas, lo que significa que la condición epiléptica se desarrolla como consecuencia de un 
daño en el sistema nervioso (de Graaf, 1974; Delorenzo et al., 2005; Lothman et al., 1991; 
McNamara, 1994).  El estado epiléptico (SE) se adquiere como consecuencia de una serie de 
convulsiones repetidas que producen muerte neuronal, por lo que es una causa frecuente de daño 
cerebral y esta altamente asociado con el desarrollo posterior de epilepsia (de Graaf, 1974; 
Delorenzo et al., 2005; Lothman et al., 1991; McNamara, 1994; Sander and Shorvon, 1996). Se 
cree que el SE daña las neuronas a través de un incremento de la liberación de aminoácidos 
excitatorios, sobre todo glutamato (Olney et al., 1986) que por activación de sus receptores 
aumenta los niveles intracelulares de calcio y activa las vías de muerte celular (Mody and 
MacDonald, 1995) proceso que se denomina excitotoxicidad. La lesión neurológica, en la fase 
inicial, es similar a la originada por la isquemia (Corsellis and Bruton, 1983), mientras que en una 
fase tardía se desarrolla gliosis y atrofia, convirtiéndose la lesión neurológica en epileptógena. El 
hipocampo es un área cerebral frecuentemente implicada en epilepsia y en la que se produce daño 
excitotoxico, siendo las neuronas más afectada las de las capas CA1, CA3 e hilus (Meldrum, 1983). 
Se ha comprobado además que la inducción experimental de ataques en roedores produce una 
importante respuesta inflamatoria en el cerebro, responsable del comienzo y propagación de la 
actividad epiléptica (De Simoni et al., 2000; Jankowsky and Patterson, 2001; Minami et al., 1991; 
Oprica et al., 2003). A los efectos patofisiológicos de la epilepsia contribuyen directamente los 
canales de calcio sensibles a voltaje (CCSVs) puesto que al despolarizarse permiten la entrada de 
calcio y consecuentemente la liberación de neurotransmisores (Verkhratsky, 2005). Por esta razón, 
los compuestos inhibidores de CCSVs serían buenos candidatos como agentes terapeuticos para 
enfermedades en las que esta implicado un mecanismo de excitotoxicidad. Los bloqueantes 
clásicos de los canales de calcio son las dihidropiridinas (DHP), benzotiacepinas, fenilalquilaminas 
y ciertos péptidos (toxinas) procedentes de serpientes, arañas o especies marinas (Lewis and 
Garcia, 2003; Olivera, 1997; Olivera et al., 1994; Uchitel, 1997).  La aplicación terapéutica de las 
toxinas basada en sus propiedades selectivas ha sido extensamente revisada (Livett et al., 2004). 
Estas toxinas bloquean los CCSVs mediante la oclusión física del poro del canal, acción que 
realizan toxinas como la ω-conotoxina GVIA, MVIIA y MIIC; o bien modificando la cinética de 
apertura y cierre del canal, como hace la ω-agatoxina IVA. Hasta el momento no se conoce 
totalmente en detalle la estructura de los CCSVs, así como la naturaleza exacta de los mecanismos 
moleculares que regulan la acción de sus bloqueantes, lo que hace mas difícil la síntesis de 
compuestos eficaces (Triggle, 2003; Triggle, 2007). Además el problema de compuestos como las 
conotoxinas es que su naturaleza peptídica hace que sean más lábiles y no atraviesen la barrera 
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hematoencefálica (BHE). Por esta razón la síntesis de nuevas moléculas más estables y capaces de 
cruzar la barrera hematoencefálica e inhibir CCSVs podría llevar al desarrollo de nuevos fármacos 
más eficaces en el tratamiento de enfermedades como la epilepsia donde el mecanismo 
excitotóxico juega un papel central. 
 
 2.2.- Enfermedad de Parkinson. 
La enfermedad de Parkinson es una de las enfermedades neurodegenerativas mas comunes, 
afectando aproximadamente al 2% de la población mayor de 60 años (Jankovic et al., 2007). La 
enfermedad de Parkinson se caracteriza por una pérdida masiva de neuronas dopaminérgicas y la 
subsecuente disminución en los niveles de dopamina, en la substantia nigra pars compacta (SNpc) 
con presencia frecuente, aunque no siempre, de acúmulos proteicos llamados cuerpos de Lewy 
(Schapira, 2008). La dopamina se sintetiza en las neuronas dopaminérgicas de la sustancia nigra y 
es liberada en gran cantidad al cuerpo estriado, modulando la actividad de las neuronas de dicho 
área lo que promueve la ejecución de movimientos controlados e intencionados. La pérdida de 
dopamina en EP, por tanto, produce disfunciones motoras importantes como bradiquinesa, temblor, 
rigidez, inestabilidad postural y problemas cognitivos (Lesage and Brice, 2009).  La mayoría de los 
pacientes con Parkinson han perdido entre un 60-80% de neuronas dopaminérgicas en el momento 
de la aparición de los síntomas. Entre las posibles causas que contribuyen a la muerte de las células 
dopaminérgicas se encuentra la disfunción mitocondrial y el estrés oxidativo, aunque su etiología 
es aún desconocida (Rantham Prabhakara et al., 2008).  
Los procesos inflamatorios contribuyen en gran manera al daño neuronal que se observa en 
EP. De hecho el análisis postmorten de cerebros de pacientes con EP muestra activación microglial 
en la SNpc y el estriado. También se observa activación microglial en modelos animales de EP 
(Cicchetti et al., 2002; McGeer et al., 2003; Orr et al., 2005). Las células gliales activadas producen 
citoquinas proinflamatorias tales como la interleuquina-1β (IL-1β), IL-6 y el factor de necrosis 
tumoral (TNF-α), que en grandes concentraciones inducen daño en las neuronas cercanas. Este 
daño neuronal a su vez reactiva el proceso inflamatorio, estimulando de nuevo a las células gliales, 
lo cual mantiene la inflamación en la zona y favorece el desarrollo de la enfermedad. De acuerdo 
con este esquema parece bastante lógico pensar que bloqueando las vías de activación de las 
células gliales se conseguiría que la neuroinflamación no se mantuviera, lo que repercutiría en una 
menor muerte de las neuronas dopaminérgicas. A pesar de los avances existentes en el 
descubrimiento de los factores responsables del desarrollo de la enfermedad de Parkinson ninguna 
terapia hasta la fecha ha demostrado ser capaz de parar o revertir el curso de la enfermedad. La 
mayoría de las terapias actuales van encaminadas hacia el tratamiento sintomático de la 
enfermedad. Por todo ello es necesario encontrar nuevas dianas capaces de prevenir la activación 
glial y la muerte neuronal que se produce en el desarrollo de esta enfermedad. El uso de estas 
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nuevas dianas terapéuticas que reduzcan la inflamación y sean capaces de inducir neuroprotección, 
combinado con tratamientos paliativos ya existentes mejoraría por tanto la calidad de vida de los 
afectados de enfermedad de Parkinson. 
 
3.- MECANISMOS DE DAÑO NEUROLÓGICO 
Son múltiples los mecanismos que causan daño neural, aquí abordaremos dos de ellos, la 
excitotoxicidad y la neuroinflamación que consideramos los mas pertinentes de cara a entender los 
resultados obtenidos en este trabajo. 
  
3.1.- Excitotoxicidad. 
La excitotoxicidad  hace referencia al efecto tóxico que sobre las neuronas tiene el exceso 
de activación, excitación. En condiciones fisiológicas el glutamato es liberado en la hendidura 
sináptica, alcanzando sus receptores y transmitiendo el impulso nervioso a la neurona postsináptica. 
Este proceso es de muy corta duración ya que el glutamato es rápidamente retirado mediante 
transportadores que están presentes tanto en las neuronas como en los astrocitos. Sin embargo una 
persistencia de niveles elevados de este neurotransmisor en el espacio extracelular, y la constante 
activación de sus receptores resulta finalmente tóxico para las neuronas. Olney (Olney and Sharpe, 
1969) propuso que la muerte neuronal inducida por este aminoácido se debía a una despolarización 
prolongada de las neuronas, y le dio el nombre de excitotoxicidad. La excitotoxicidad se ha 
implicado en múltiples desórdenes neurodegenerativos y viene marcada por tres eventos 
principales: 1) la liberación excesiva del correspondiente neurotransmisor excitatorio; 2) la unión 
de dicho neurotransmisor a sus receptores, lo que despolariza la neurona; 3) activación de una serie 
de mecanismos celulares que desencadenan una disfunción celular y producen finalmente la muerte 
neuronal (Choi, 1988).  
El glutamato es el principal agente neurotransmisor usado en las sinapsis excitatorias  del 
SNC de los mamíferos (Meldrum, 2000) y por tanto está implicado en prácticamente todos los 
procesos que tienen lugar en el cerebro, tanto en los de desarrollo del sistema nervioso, la 
migración o la diferenciación de las neuronas, así como en la función cerebral normal, como la 
cognición, la memoria y el aprendizaje. El glutamato actúa mediante la activación de diversos 
receptores (Meldrum, 1983; Meldrum, 2000; Nakanishi, 1992) que se han dividido en dos 
grandes grupos, receptores ionotrópicos y receptores metabotrópicos. Los receptores 
ionotrópicos son canales iónicos regulados por ligando y los metabotrópicos pertenecen a la 
superfamilia de receptores acoplados a proteínas G. Nos centraremos en los receptores 
ionotrópicos ya que son los más relevantes para entender el mecanismo de excitotoxicidad. 
Los receptores ionotrópicos son proteínas integrales de membrana formadas por 4 ó 5 
subunidades (Dingledine and Conn, 2000) y se clasifican en tres grupos en función de sus 
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propiedades farmacológicas, fundamentalmente en función del agonista sintético capaz de 
activarlo de forma especifica: 1) receptores activados por acido α-amino-3-hidroxi-5-metil-4-
isoxazolpropiónico (receptores AMPA, AMPARs), 2) receptores activados por N-metil-D-
aspartato (receptores NMDA, NMDARs) y 3) receptores activados por kainato (receptores KA, 
KARs).  
 Los receptores AMPA son codificados por una familia  de 4 genes que dan origen a 4 
subunidades denominadas GluR1- 4. En función de la subunidad que se exprese, los cambios 
post-transcripciones y las diferentes modificaciones que sufren, este tipo de receptores están 
implicados en un amplio abanico de actividades funcionales. Participan en la transmisión rápida 
de la información sináptica y se les ha implicado también en algunas formas de plasticidad 
sináptica como la potenciación a largo plazo (PLP) (Bliss and Collingridge, 1993; Song and 
Huganir, 2002) así como en procesos de aprendizaje, memoria, excitotoxicidad y 
neuroprotección (Malinow and Malenka, 2002). La unión del glutamato a este receptor provoca 
la apertura del canal iónico asociado, lo que resulta en un potencial excitatorio postsináptico. Los 
receptores de AMPA se distribuyen por todo el cerebro y su expresión es muy alta en hipocampo 
y en las capas superficiales de la corteza (Song and Huganir, 2002).  
Los receptores de NMDA son heterómeros constituidos por dos tipos de subunidades: 
NR1 y NR2 (Healy and Meador-Woodruff, 2000) con diferentes propiedades farmacológicas. 
NR1 es el producto de un gen a partir del cual se originan múltiples isoformas por corte y 
empalme alternativo y es imprescindible para la formación del canal iónico. Las subunidades 
NR2 son codificadas en 4 genes diferentes y tienen el sitio de unión para glutamato. Además de 
estas subunidades se han clonado dos subunidades NR3. Estos receptores son permeables para 
Na+, K+ y Ca2+ y están involucrados en la transmisión normal de la información y son necesarios 
para la generación de determinadas formas de PLP. Dada su alta permeabilidad a Ca2+, estos 
receptores participan de forma muy activa en el proceso de excitotoxicidad (Sanchez-Prieto et 
al., 2004; Seeburg et al., 2001). 
Los receptores KA están formados por dos subfamilias de subunidades: las de baja 
afinidad, en la que se incluyen GlutR5-7, y las de alta afinidad, KA1 y KA2 codificadas todas 
ellas por genes diferentes que se expresan ampliamente en el sistema nervioso, incluyendo el 
hipocampo, la corteza y el sistema límbico (Egebjerg et al., 1991; Frerking and Nicoll, 2000). 
Estos receptores se han implicado en epileptogénesis (Lerma, 2003).  
   
3.1.1.- Mecanismos de excitotoxicidad. 
La primera etapa en el proceso de excitotoxicidad se produce por una excesiva activación 
por glutamato de sus receptores, etapa que puede denominarse de inducción, siendo por tanto la 
excitotoxicidad un proceso dependiente de receptor. La activación excesiva de los receptores de 
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glutamato propicia la entrada del calcio extracelular en la neurona fundamentalmente por dos vías, 
a través de los canales de calcio dependientes de voltaje, que se abrirían como consecuencia de la 
despolarización, y a través de los receptores de NMDA permeables a calcio, que requieren para su 
apertura la despolarización de la neurona y la unión de glutamato. Además de la entrada masiva de 
calcio extracelular, también se han implicado los depósitos intracelulares de calcio en el proceso de 
excitotoxicidad (Mahy et al., 1995; Nitsch and Scotti, 1992; Robledo et al., 1999).  
La última etapa en el proceso de excitotoxicidad incluye procesos directamente 
responsables de la degeneración neuronal, es decir, las consecuencias finales de la activación de las 
cascadas citotóxicas por enzimas catabólicas. La producción de radicales libres puede ser otra vía 
importante de muerte neuronal por interferir en la homeostasis del calcio, activar alguna de las 
cadenas anteriormente mencionadas e iniciar algunos de los procesos destructivos como la 
peroxidación de lípidos.  
El mecanismo de excitotoxicidad se ha implicado en múltiples procesos de daño cerebral 
como son el daño isquémico, daño cerebral por trauma (Friberg and Wieloch, 2002; Mody and 
MacDonald, 1995; Norenberg and Rao, 2007; Starkov et al., 2004), epilepsia (DeLorenzo et al., 
1998; Pal et al., 1999; Sombati and Delorenzo, 1995; Sun et al., 2002) así como en las 
enfermedades de EA, EP y Huntington (Bezprozvanny, 2009; Choi, 1988; Choi, 1994; Doble, 
1999; Gibson et al.; Meldrum and Garthwaite, 1990; Wang et al., 2005). 
 
  3.1.2.- Modelo animal de excitotoxicidad. 
La administración a animales de experimentación de ácido kaínico (KA) provoca daños 
neurológicos que se han comparado con los daños observados en el análisis postmorten del cerebro 
de pacientes con epilepsia de lóbulo temporal, por lo que se ha usado ampliamente como un 
modelo animal de dicha patología (Ben-Ari and Cossart, 2000; Ben-Ari et al., 1980; Choi, 1988). 
La administración de KA constituye un modelo clásico de excitotoxicidad, produciendo una 
secuencia de estados alterados del comportamiento que se caracterizan por la aparición de ataques 
epilépticos que desemboca finalmente en la entrada en “status epilepticus” (Ben-Ari et al., 1980; 
Sperk, 1994). Estos ataques vienen seguidos de neurodegeneración en regiones específicas del 
cerebro, como la corteza piriforme, la amígdala, el tálamo y el hipocampo, donde las zonas más 
afectadas son las capas CA1, CA3 y las interneuronas del hilus (Coyle, 1983; Oprica et al., 2003; 
Sperk, 1994; Sperk et al., 1985; Tauck and Nadler, 1985). Esto es debido a que en la capa CA3 y 
en el hilus del hipocampo existe una gran cantidad de receptores para kainato y en las dendritas 
apicales y basales de la capa CA1 existe una alta densidad de receptores AMPA y NMDA 
(Contractor et al., 2000; Lauri et al., 2001; Le Meur et al., 2007; Qiu and Knopfel, 2007; Ulas et al., 
1990). La muerte neuronal inducida por KA in vivo se debe a la liberación masiva de glutamato 
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inducida por esta excitotoxina (Sperk, 1994), aunque en cultivos neuronales el KA es también 
capaz de inducir muerte celular (Brorson et al., 1994; Courtney et al., 1995).  
   El KA al activar de manera directa y constante los receptotes de glutamato no solo da 
lugar a muerte neuronal sino que además produce la activación de células gliales, la cuales juegan 
un papel muy importante en la neurodegeneración inducida por esta toxina. La razón de esto es que 
al activarse las células gliales se incrementa la expresión de genes implicados en la producción de 
óxido nítrico y citoquinas, los cuales contribuyen a la expansión del daño neuronal producido, 
contribuyendo por su parte a la muerte neuronal (del Zoppo et al., 2000; Sharma et al., 2009). 
 
3.2.- Neuroinflamación. Papel de astrocitos y microglia. 
En los procesos inflamatorios que se producen en el SNC tienen un papel fundamental 
las células gliales: astrocitos y células de microglia. La inflamación en este tejido se considera 
uno de los principales factores implicados en la patología de enfermedades neurodegenerativas 
como la esclerosis múltiple (revisado en Comabella and Khoury, 2011), la EA o la EP (Akiyama, 
1994; McGeer and McGeer, 2007; Tansey et al., 2007), así como  desórdenes epilépticos 
(revisado en Vezzani and Granata, 2005). Las citoquinas liberadas en estos procesos tanto por las 
células gliales como por las propias neuronas, son proteínas producidas fundamentalmente por 
las células del sistema inmune  y pueden ser pro- y anti-inflamatorias (Rothwell et al., 2001). 
Juegan un papel esencial en la defensa del organismo frente a infecciones, inflamación, 
traumatismos e isquemias. Las citoquinas que inician la respuesta inflamatoria son 
fundamentalmente la IL-1β, IL-6 y el TNF-α, que pueden actuar conjuntamente con otras 
citoquinas como la IL-8, IL-10, IL-12, IL-18 y el interferón gamma (IFN-γ) para llevar a cabo la 
respuesta inflamatoria (Wang et al., 2002).  
 Los astrocitos son las células más abundantes del cerebro constituyendo el 50% del total de 
las células de la corteza cerebral. Son células con forma estrellada y  fáciles de identificar gracias a 
la expresión de la proteína acídica fibrilar glial (GFAP) que forma parte de su citoesqueleto. Esta 
células juegan un papel esencial en el funcionamiento del sistema nervioso y entre sus funciones 
están las de unir las neuronas a los capilares sanguíneos y mantener una concentración equilibrada 
de nutrientes entre el medio extracelular e intracelular previniendo la entrada de determinadas 
sustancias nocivas. Por ello los astrocitos ejercen una acción muy importante formando parte de la 
BHE. En este sentido, existen muchas evidencias que indican que la función de la BHE se 
encuentra alterada en muchas neuropatologías, como epilepsia, EA y EP, como consecuencia de la 
alteración de la astroglía (Abbott et al., 2006). Por último la astroglía también ayuda a mantener 
una concentración correcta de iones potasio en el espacio extracelular de las neuronas, captan 
neurotransmisores de las zonas sinápticas después de su liberación, y de este modo, ayudan a 
regular las actividades sinápticas (Leis et al., 2005; Binder & Steinhäuser, 2006).  
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Las células de microglia son macrófagos residentes en el SNC y constituyen el tipo celular 
más importante de cuantos intervienen en la inflamación de este tejido, controlando el 
microambiente que rodea al resto de células y produciendo factores capaces de influir sobre 
astrocitos y neuronas. En condiciones fisiológicas la microglia, que presenta un fenotipo no 
activado, produce factores neurotróficos y agentes antiinflamatorios (Streit, 2002) como el factor de 
crecimiento nervioso (NGF), factor de crecimiento derivado de glía (GDNF), factor de crecimiento 
derivado de cerebro (BDNF), neurotrofina-4 (NT-4) e IL-10. Cuando la microglia se activa, en 
respuesta a un patógeno o daño tisular, promueve el inicio de una respuesta inflamatoria que sirve 
para activar el sistema inmune e iniciar la reparación del tejido dañado. Como consecuencia de su 
activación cambia su morfología, y pasa de tener  múltiples ramificaciones a tener un aspecto 
ameboide y redondeado (Gerhard et al., 2006; Streit, 1999) produciendo mediadores 
proinflamatorios como TNF-α, ciclooxigenasa-2 (COX-2), IL-1β e  IL-6 (Akiyama et al., 2000) 
que actúan directamente sobre las neuronas, induciendo degeneración neuronal (McCoy and 
Tansey, 2008; Simi et al., 2007).  
En condiciones patológicas puede ocurrir que la inflamación se mantenga en el tiempo, 
debido a que el estimulo pro-inflamatorio no desaparece, lo que mantiene el sistema inmune 
activado. Los astrocitos también participan en la inflamación y su activación se manifiesta por un 
aumento en el número, tamaño y motilidad de estas células (Braak et al., 2007; Damier et al., 
1993), así como por un aumento de la proteína GFAP tanto en el soma como en las prolongaciones. 
Además se puede observar que el tamaño de las prolongaciones es menor y el soma aparece 
ensanchado. Muchos de los factores producidos tanto por los astrocitos como por las células 
microgliales, como TNF-α o IL1β, intervienen en los procesos inflamatorios que aumentan el daño 
neuronal que se produce en el daño cerebral (Saijo et al., 2009).  
 
 
 
 
 
 
 
 
 
 
 
3.2.1.- Modelos animales de enfermedad de Parkinson. 
Figura V.- Neuroinflamación y neuro-
degeneración. Cuando la microglía se 
hiperactiva ante un estímulo pro-
inflamatorio produce factores neuro-
tóxicos como IL-1β y TNF-α que activan 
de forma paracrina a la astroglía. Esta 
activación promueve la producción de 
mediadores tóxicos, como NO y ROS. 
Estos mediadores además de activar a la 
microglía pueden actuar sinergística-
mente con los factores neurotóxicos 
producidos por la microglía y conducir 
a la muerte neuronal. A su vez, como 
consecuencia de la degeneración neuro-
nal se producen activadores microgliales 
que continúan activando a la microglía. 
De esta manera se entra en un ciclo 
inflamatorio que contribuye al avance 
de la enfermedad. IL1β, interleuquina 
1β; LPS, lipopolisacárido; MCSF, factor 
estimulante de macrófagos; NO, óxido 
nítrico; ROS, radicales libres de 
óxigeno; TNF-α, factor de necrósis 
tumoral.  
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 Existen varios modelos animales que reproducen en mayor o menor medida la enfermedad 
de Parkinson. Entre estos se encuentra el tratamiento de los animales con lipopolisacárido 
bacteriano (LPS), el cual es capaz de inducir la degeneración de las células dopaminérgicas 
fundamentalmente a través de una activación glial, especialmente de células de microglia (Gao et 
al., 2002). TLR4, el principal receptor de LPS, se expresa fundamentalmente en microglía, aunque 
también en menor cantidad en astrocitos (Kim et al., 2000), a través de él, el LPS es capaz de 
aumentar la producción de mediadores inflamatorios, fundamentalmente en la microglia como 
acabamos de comentar (Hunter et al., 2007). La neuroinflamación contribuye en gran medida a la 
muerte de las neuronas dopaminérgicas que se observa en EP (Hirsch and Hunot, 2009). La 
inyección intracraneal de LPS en la SNpc es por tanto un modelo experimental de EP (Castano et 
al., 1998; Gao et al., 2008) que reproduce los episodios de muerte celular dopaminérgica que se 
producen como consecuencia de una excesiva liberación de agentes proinflamatorios por parte de 
las células gliales hiperactivadas. 
Otro modelo experimental de EP es el uso de 6-hidroxidopamina (6-OHDA) (Gomez-
Lazaro et al., 2008; Ikeda et al., 2008; Mu et al., 2009). Al tener una estructura similar a la 
dopamina, la 6-OHDA tiene gran afinidad por los transportadores de dopamina y por eso penetra 
en las neuronas dopaminergicas a las que destruye selectivamente (Lehmensiek et al., 2006). El 
acumulo de 6-OHDA desencadena una auto-oxidación no enzimática que promueve la formación 
de radicales libres principal mecanismo por el que la 6-OHDA induce muerte neuronal, aunque la 
inhibición de la respiración mitocondrial también esta implicada (Schober, 2004). El tratamiento 
con 6-OHDA de células SH-SY5Y se utiliza también frecuentemente como modelo de EP in vitro, 
puesto que estas células tienen características de neuronas dopaminérgicas y la 6-OHDA induce  su 
muerte (Hwang and Jeong, 2008; Lev et al., 2008). Aunque in vitro la muerte de las células SH-
SY5Y inducida por 6-OHDA es independiente de la vía inflamatoria (Shih et al., 2009), in vivo la 
administración de 6-OHDA parece ser tóxica para las neuronas dopaminérgicas en parte por 
activación de los mecanismos de inflamación. 
 
4.- DIANAS TERAPÉUTICAS. 
 4.1.- RECEPTOR ACTIVADO POR PROLIFERADORES PEROXISOMALES 
GAMMA (PPARγ). 
 Los PPAR son un pequeño grupo de factores de transcripción dependientes de ligando que 
pertenecen a la superfamilia de receptores nucleares, en la que se incluyen también los receptores 
de hormonas esteroideas, tiroideas, vitamina D y retinoides entre otros. Los PPARs funcionan 
formando heterodímeros con el receptor del ácido 9-cis retinoico (RXR) y se unen a secuencias 
especificas de ADN que denominamos elementos de respuesta a PPAR (PPREs) presentes en los 
genes diana (Figura VI). Inicialmente los PPARs se implicaron en la regulación del metabolismo 
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de lípidos. Controlan la expresión de genes que participan en la síntesis y oxidación de ácidos 
grasos, y están involucrados en el almacenamiento de ácidos grasos en diferentes tejidos.  
 
 
 
 
 
 
 
 
Centrándonos en concreto en PPARγ, son numerosos los ligandos capaces de activarlo, 
como los leucotrienos y algunas prostaglandinas, que son ligandos naturales (Forman et al., 1995; 
Jiang et al., 1998; Paruchuri et al., 2008). También numerosos ligandos sintéticos como las 
tiazolidinedionas (TZDs), (pioglitazona, rosiglitazona y troglitazona) y ciertos derivados similares a 
la tirosina (Blaschke et al., 2006; Desvergne and Wahli, 1999; Rosen and Spiegelman, 2001) 
activan este receptor. PPARγ participa en diversos procesos biológicos como la diferenciación de 
adipocitos y la homeóstasis de lipidos y glucosa (Desvergne and Wahli, 1999; Rosen and 
Spiegelman, 2001; Tontonoz et al., 1994), siendo muy abundante en el tejido adiposo (Debril et al., 
2001; Dreyer et al., 1992; Kliewer et al., 1994; Michalik et al., 2006). También se ha implicado en 
la regulación de procesos inflamatorios (Ricote et al., 1999; Szeles et al., 2007). Datos más 
recientes sugieren que PPARγ actúa también como regulador de la inflamación en el sistema 
nervioso central (Heneka et al., 2005) y que podría ser una posible diana farmacológica en la lucha 
contra la neurodegeneración (Heneka and Landreth, 2007). En este sentido resultados obtenidos 
con animales de experimentación indican que los ligandos de PPARγ confieren neuroproteccion y 
mejora neurológica tras un daño cerebral (Abdelrahman et al., 2005; Bernardo et al., 2000; 
Landreth and Heneka, 2001; Townsend and Pratico, 2005). Nuestro grupo ha demostrado que 
miembros de una familia de compuestos denominados tiadiazolidinonas (TDZDs), los cuales 
poseen cierta homología estructural con la familia  TZDs, son capaces también de activar PPARγ y, 
probablemente a través de esta activación, inhiben la activación de microglía y astroglía in vitro 
tras un daño inducido con LPS. Estos compuestos son también potentes antiinflamatorios y 
neuroprotectores en un modelo de excitotoxicidad in vivo por inyección de KA (Luna-Medina et 
al., 2005; Luna-Medina et al., 2007).  
 
 
Figura VI.- a) Estructura de los miembros de la subfamilia PPAR. DUD, dominio de unión a DNA; DUL, dominio de 
unión a ligando. Los números representan el porcentaje de homología con el PPARα; b) El complejo PPAR/RXR se une a 
las regiones promotoras, los PPRE, e induce la expresión génica. 
(a) (b) 
    Introducción 
28 
4.2.- GLUCÓGENO SINTASA-QUINASA 3β (GSK-3β)  
GSK-3 es una proteina quinasa implicada en múltiples vías de señalización y que fue 
inicialmente identificada como enzima clave en la regulación del metabolismo de la glucosa 
(Woodgett and Cohen, 1984). Existen dos isoformas, GSK-3α y GSK-3β, con un 95% de 
homología en el dominio quinasa (Figura VII). Las regiones con menor homología en la secuencia 
corresponden al extremo C-terminal, con tan sólo un 36%, y el extremo N-terminal en el que sólo 
la isoforma α posee una cola de aminoácidos rica en glicinas (Woodgett, 1990). 
 
 
 
 
 
 
 
 
 
 
 
  
En roedores y humanos existe una variante de GSK-3β, GSK-3β2, que se expresa 
específicamente en el sistema nervioso y durante el desarrollo (Mukai et al., 2002) estando 
implicada en procesos de morfogénesis neuronal in vivo (Castano et al. 2010; Wood-Kaczmar et 
al., 2009). GSK3 actúa de mediador en la ruta de Wnt (wingless) (Woodgett, 2001) interviniendo 
en diversos procesos en el SNC como neurogénesis, migración neuronal, polarización neuronal y 
crecimiento axonal. La razón por la que los GSK3s están implicados en tan amplia variedad de 
rutas celulares es por la gran cantidad de sustratos sobre los que actúan. Entre esos sustratos 
destacan la proteína de unión a elementos de respuesta a AMPc (CREB) (Grimes and Jope, 2001a),  
proteínas de la familia del factor nuclear de células T activadas (Nfat) (Beals et al., 1997; Neal and 
Clipstone, 2001), neurogenina-2 (Ma et al., 2008), SMAD-1 (Fuentealba et al., 2007), c-Jun (de 
Groot et al., 1993) y β-catenina. Todos estos factores de transcripción juegan un papel importante 
en la regulación de la expresión génica (Aberle et al., 1997). 
 
GSK-3β en concreto se ha implicado en procesos relacionados con la supervivencia 
celular, formación del citoesqueleto, crecimiento celular (Frame and Cohen, 2001; Jope and 
Johnson, 2004; Woodgett, 2001). También se ha implicado en procesos de inflamación (Cohen and 
Frame, 2001; Jope and Johnson, 2004; Kockeritz et al., 2006) así como en el desarrollo de la 
enfermedad de Alzheimer (Hooper et al., 2008). La regulación de la actividad de GSK-3β es 
Figura VII.- Representación esquemática de las dos isoformas de GSK-3, GSK-3α y GSK-3β. Ambas 
isoformas presentan un dominio quinasa con una homología de secuencia del 98%. La isoforma GSK-3α 
presenta en el extremo N-terminal un dominio rico en glicina. Las flechas azules indican los sitios de 
fosforilación en serina 21 y 9 (inhibición) y en tirosina 279 y 216 (activación).  
51 kDa 
47 kDa 
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compleja, se inactiva por fosforilación de serina en posición 9. Numerosas quinasas, como Akt, 
PKC, quinasa p70 S6 y PKA son capaces de fosforilar GSK-3β en su serina 9 y por tanto  
inactivarla (Grimes and Jope, 2001b; Kaytor and Orr, 2002). GSK-3β también puede ser inhibida 
por las vias de señalización de la insulina y de wnt (Kockeritz et al., 2006). La inhibición de GSK-
3β mediante administración de inhibidores tales como TDZD-8 y SB disminuye la disfunción 
orgánica provocada tras la inyección de LPS y peptidoglicano, sugiriéndose el uso de inhibidores 
de este enzima como terapias en endotoxemia asociada a sepsis, shocks y alteraciones relacionadas 
con inflamación local o sistémica (Dugo et al., 2005). La inhibición de GSK-3β también ha 
demostrado ser eficaz frente a la inflamación crónica en un modelo animal de artritis (Cuzzocrea et 
al., 2006). 
 
GSK-3β es muy abundante en el cerebro y, en los últimos años, se ha sugerido que podría 
jugar un papel importante en procesos de neurodegeneración, sugieriéndose un posible efecto de su 
inhibición en protección neuronal. Los inhibidores de GSK-3β se han propuesto como posibles 
candidatos para el tratamiento del Alzheimer (Martinez et al., 2002b) existiendo una clara relación 
entre la activación de GSK-3β y esta enfermedad (Hooper et al., 2008). Esto es debido a que GSK-
3β está implicado en la hiperfosforilación de la proteína tau, en el aumento de la formación de Aβ 
y la progresión de la neurodegeneración que favorece los déficits de memoria y aprendizaje propios 
de esta enfermedad. El tratamiento con cloruro de litio, inhibidor de GSK-3β, de ratones 
transgénicos que sobreexpresan tau, así como el uso de ratones GSK-3β -/-, revirtió la fosforilación 
de la proteína favoreciendo que no se formaran agregados y redujo la formación de placa β-
amiloide, mejorando así los síntomas de la enfermedad (Noble et al., 2005; Rockenstein et al., 
2007). La actividad de GSK-3β se ha asociado también con la enfermedad de Parkinson, puesto 
que la inhibición de esta enzima disminuye la expresión de α-sinucleína en modelos celulares de 
Parkinson (Kozikowski et al., 2006).  
 
 Uno de los inconvenientes del uso de litio como inhibidor de GSK3 es que el litio también 
inhibe otras moléculas como inositol polifosfato 1-fosfatasa (IPPasa), inositol monofosfato 
fosfatasa (IMPasa), fructosa 1,6-bisfosfatasa (FBPasa), bisfosfato nucleotidasa (BPNasa) y 
fosfoglucomutasa (PGM) (Gould et al., 2006). Esto ha llevado a que en la actualidad se estén 
haciendo grandes esfuerzos en la búsqueda de nuevos inhibidores de GSK-3 más potentes y 
selectivos.  
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4.3.- CANALES DE CALCIO SENSIBLES A VOLTAJE (CCSVs). 
 Los CCSVs son estructuras proteicas complejas formadas por cuatro subunidades 
diferentes (α1, β, α2δ, γ), siendo las tres primeras indispensables para que el canal sea funcional 
(Figura VIII). La subunidad α1 es la de mayor tamaño y contiene el poro iónico, el sensor de 
voltaje, el mecanismo de compuerta y la mayoría de los sitios conocidos de regulación del canal 
por segundos mensajeros, fármacos y toxinas. En los mamíferos, la subunidad α1 está codificada 
por al menos 10 genes distintos de ahí la diversidad farmacológica y electrofisiológica de los 
CCSVs (Hofmann et al., 1994). La subunidad β es una subunidad auxiliar esencial ubicada 
intracelularmente que se coexpresa con la subunidad α1; la subunidad α2δ tiene un papel 
modulador de los canales y al igual que la subunidad β modifica la interacción con los 
bloqueadores; la subunidad γ es una proteína integral de membrana que modula los CCSVs e 
interacciona con otras proteínas de membrana (Arikkath and Campbell, 2003; Lacinova, 2005). 
Los CCSVs son mediadores clave de la entrada de calcio en las neuronas como respuesta a 
una despolarización de la membrana. La entrada de calcio regula multitud de respuestas 
neuronales, como la activación de enzimas dependientes de calcio, la expresión de genes (Clark et 
al., 2006; Dolmetsch et al., 2001; Sutton et al., 1999), la liberación de neurotransmisores por los 
terminales presinapticos (Seagar and Takahashi, 1998; Spafford et al., 2004; Wheeler et al., 1996) 
y la regulación de la excitabilidad neuronal (Perez-Reyes, 1998). El sistema nervioso expresa 
diferentes tipos de CCSVs con diferentes tipos de localización celular y funciones fisiológicas 
específicas. Los CCSVs se clasifican en función de su estructura y propiedades electrofisiológicas 
y farmacológicas en seis subtipos: P, Q, N, L T y R (Dolphin, 2006; Khosravani and Zamponi, 
2006). Se han descrito cambios en la expresión de los canales de calcio dependientes de voltaje en 
enfermedades como el dolor neuropático, la epilepsia y el fallo cardíaco congestivo. El uso de 
fármacos capaces de inhibir algunos tipos de canales de calcio dependientes de voltaje esta 
extendido en diversas patologías (Elmslie, 2004), de hecho los inhibidores de calcio han 
demostrado ser potentes agentes neuroprotectores y anticonvulsivos y potencian la eficacia 
anticonvulsiva de los fármacos antiepilépticos convencionales (Czuczwar et al., 1990; De Sarro et 
al., 1988; Dolin et al., 1988; Kaminski et al., 2001; Vezzani et al., 1988). Los subtipos N y P/Q se 
encuentran fundamentalmente en los terminales presinapticos y controlan la liberación de 
neurotransmisor. Por tanto, estos inhibidores podrían inhibir la liberación de glutamato y ser 
compuestos eficaces como anticonvulsivos y antiexcitotóxicos. De hecho el bloqueo de estos 
canales en animales de experimentación han demostrado ejercer efectos neuroprotectores (Asakura 
et al., 1997; Huang et al., 1997; Lee et al., 2004), y ser eficaces para el tratamiento de 
enfermedades como isquemia, dolor y epilepsia (Cox, 2000; Lukyanetz et al., 2002; Miljanich, 
2004; Takahara et al., 2004).  
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4.4.- FOSFODIESTERASA 7 (PDE7). 
 Las PDEs son enzimas que hidrolizan AMPc y GMPc. La familia de las PDEs esta 
constituida por 21 miembros clasificados en 11 grupos de acuerdo con la homología de secuencia, 
su distribución celular y la sensibilidad que presentan ante distintos inhibidores (Bender and Beavo, 
2006; Conti and Beavo, 2007). La principal diana del AMPc es la proteína quinasa A (PKA) 
(Torgersen et al., 2002), entre cuyas acciones destaca la fosforilación de los factores de 
transcripción CREB (cyclic AMP response element binding protein) (Shaywitz and Greenberg, 
1999), que se unen a elementos de DNA en los promotores de genes que responden a AMPc 
(Figura IX).  Dado el relevante papel que el AMPc juega en múltiples funciones en el cerebro, los 
inhibidores de PDEs han adquirido relevancia como posibles diana terapéuticas para el tratamiento 
de enfermedades neurológicas como la depresión y el Alzheimer (Menniti et al., 2006). Diversos 
estudios han sugerido que los niveles de AMPc son importantes en neuroprotección y 
neuroinflamación (Lonze and Ginty, 2002; Volakakis et al. 2010). Por ello el control de los niveles 
de AMPc podría ser importante  para regular los procesos neuroinflamatorios y consecuentemente 
tener un efecto sobre el desarrollo de  enfermedades neurodegenerativas donde la inflamación 
juega un importante papel, entre las que se incluirían enfermedades como el Parkinson. Una 
manera de controlar los niveles de dicho mensajero es controlando su hidrólisis, acción que 
realizan las PDEs como se ha indicado. En concreto la PDE7, que hidroliza AMPc, se ha utilizado 
como diana en el control de la neuroinflamación (Giembycz and Smith, 2006). La familia de las 
PDE7 se compone de dos genes, PDE7A y PDE7B, que se expresan abundantemente en el sistema 
nervioso central de rata y en numerosos tejidos periféricos. En concreto, en el cerebro de rata, 
PDE7A es abundante en el bulbo olfatorio, hipocampo y varios núcleos cerebrales (Miro et al., 
2001). La mayor cantidad de PDE7B en el cerebro se ha descrito en el cerebelo, giro dentado del 
hipocampo y estriado (Reyes-Irisarri et al., 2005; Sasaki et al., 2002). Aunque no existe mucha 
información acerca de las funciones fisiológicas reguladas por PDE7, se ha demostrado que su 
acción está implicada en procesos proinflamatorios y que es necesaria para la inducción de la 
proliferación de las células T del sistema inmune (Nakata et al., 2002).  
Figura VIII.- Tipos de canales de calcio. 
Los canales de calcio son complejos 
heteroméricos constituidos por distintas 
subunidades que constituyen el poro a 
través del cual circula el calcio. En 
función de la subunidad α1 que 
contengan se distinguen varias tipos de 
canales: tipo L, P/Q, N, R y T. 
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Figura IX.- Esquema resumido de la acción de las fosfodiesterasas en el control de los 
niveles de AMPc intracelulares. 
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En la actualidad, las terapias existentes frente a enfermedades neurodegenerativas son 
fundamentalmente paliativas y han demostrado ser poco eficaces. Es necesario por tanto, el 
desarrollo de nuevos fármacos con propiedades neuroprotectoras, antiinflamatorias y 
antiexcitotóxicas que eviten la progresión de la enfermedad. A esto se une la necesidad de 
encontrar compuestos con capacidad neurogénica, capaces de inducir la formación de un linaje 
neuronal específico que pueda reemplazar las neuronas que se pierden en este tipo de 
enfermedades.  
 
 
El objetivo principal de esta tesis es, por tanto, identificar y analizar nuevas dianas 
celulares con efecto neuroprotector y neurogénico. 
 
 
Para ello nos planteamos los siguientes objetivos: 
 
 
1. Analizar el posible efecto de los activadores del receptor activado por proliferadores 
peroxisomales gamma (PPARγ) sobre proliferación, migración y diferenciación de células 
progenitoras neurales. 
 
2. Analizar el posible efecto de los inhibidores de GSK-3β como inductores de neurogénesis. 
 
3. Analizar el posible efecto neuroprotector del inhibidor de canales de calcio dependientes de 
voltaje (CCSVs) tipo no L, NP04634, en un modelo de daño cerebral por excitotoxicidad. 
 
4. Analizar el posible efecto neuroprotector de nuevas dianas, en concreto PDE7, en modelos 
celulares y animales de enfermedad de Parkinson. 
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1.- ESTUDIOS IN VIVO. 
 1.1.- Animales. 
Se han utilizado ratas Wistar macho de entre 8 y 12 semanas de edad procedentes del 
animalario del Instituto de Investigaciones Biomédicas de Madrid, donde fueron criados en 
condiciones óptimas de temperatura y humedad, en ciclos de 12 horas de luz-oscuridad y con agua 
y comida ad libitum. Todo lo concerniente al trato de los animales y a los protocolos 
experimentales usados fue previamente aprobado por la Comisión de Bioética para la Investigación 
Animal del Consejo Superior de Investigaciones Científicas, según lo recogido por las normativas 
española (RD. 1201/2005, del 10 de Octubre) y europea (normativa 86/609). Los procedimientos 
utilizados fueron diseñados con el fin de reducir al máximo el número de animales a utilizar, 
adoptándose en todo momento las medidas pertinentes para minimizar el sufrimiento de los 
mismos.  
 
1.2.- Modelo de daño excitotóxico.  
 Se utilizó como modelo de daño excitotóxico la administración de ácido kaínico (KA; 
Sigma). La administración de esta excitotoxina provoca la aparición de convulsiones en los 
animales y daño neurológico en diversas áreas del cerebro, particularmente en el hipocampo 
(Holopainen, 2008; Ravizza et al., 2008). En concreto, el daño causado reproduce muchos de los 
aspectos que se observan en el hipocampo de pacientes con epilepsia de lóbulo temporal (Ben-Ari, 
1985), por lo que la administración de KA se considera modelo eficaz para el estudio de esta forma 
de epilepsia.  
El KA, a una dosis de 10 mg/kg diluido en suero salino, se administró por vía 
intraperitoneal. Se dividieron los animales en tres grupos. El grupo I fue el grupo control, a los 
cuales se les inyectó salino mientras que a los grupos II y III se les inyectó KA. Al grupo III se le 
administró además NP04634 (Noscira S.A.), por vía intragástrica, dos dosis de 100 mg/kg, 12 y 4 
horas antes de la inyección de KA.  
 
1.2.1. -Estudio del comportamiento. 
Tras la inyección de KA los animales se colocaron en jaulas de plástico individuales, donde 
fueron monitorizados y grabados en video, analizándose su comportamiento en las siguientes 4 
horas. El estado convulsivo de los animales se clasificó de acuerdo con la escala de Racine y Sperk 
(Racine, 1972; Sperk et al., 1985) como sigue: Valor 0 = no se observaron cambios; 0.5 = 
sacudidas de “secado”, que denominaremos simplemente sacudidas; 1 = movimientos faciales y 
orales; 2 = asentimiento; 3 = clonus extremidades delanteras; 4 = clonus y levantamiento; 5 = 
levantamiento y caída; 6 = muerte. Se considera que los animales han entrado en SE  cuando sufren 
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un ataque continuo o intermitente sin recuperación completa de la consciencia (Fase 4-5) durante al 
menos 30 minutos.  
 
1. 3. - Neurogénesis.  
Se analizó el potencial neurogénico de los compuestos pioglitazona (PGZ; Actos, Lilly) y 
NP031112 (Noscira) administrados por vía intragástrica. La administración de PGZ (20 mg/kg/día) 
se hizo durante 3 días consecutivos y la de NP031112 (50 mg/kg/día) durante 7 o 14 días. Al grupo 
de animales control se le administró PBS. Para analizar la formación de nuevas células en el 
cerebro de animales adultos, se inyectó como marcador de división celular 5-bromo-2-deoxyuridina 
(BrdU) por vía intraperitoneal. Los animales recibieron una única dosis de BrdU (50 mg/kg) y 24 
horas después fueron sacrificados, con excepción de un grupo de animales tratados con PGZ que 
fueron mantenidos durante 21 días tras la inyección con BrdU para estudiar migración celular 
desde la región subventricular (ZSV) hasta el bulbo olfatorio (BO). 
    
1.4.- Modelo de enfermedad de Parkinson.   
Como modelo experimental de Parkinson (EP) hemos utilizado la administración de 
lipopolisacárido bacteriano (LPS; Sigma), que es un potente inductor de inflamación y que al ser 
inyectado en la parte compacta de la sustancia negra (SNpc) provoca una notable pérdida de 
neuronas dopaminérgicas (Herrera et al., 2000). Los animales previamente anestesiados con una 
mezcla de ketamina (60mg/kg) y medetomidina (5μg/kg) se colocaron sobre un aparato 
estereotáxico (Kopf Instruments, CA) donde se les inyectó en la SNpc, unilateral e 
intracerebralmente, 10μg de LPS en un volumen final de 2.5 μl, según las coordenadas de Paxinos 
y Watson (1998): desde bregma: 4.8 mm posterior, 1.7 mm lateral y 8.2 mm profundidad. Los 
compuestos, S14 y BRL50481 (BRL), analizados como posibles neuroprotectores se inyectaron a 
la vez que el LPS en cantidades de 20 y 60 nanomoles respectivamente. El compuesto S14 fue 
sintetizado y suministrado por el grupo de la Profesora Ana Martínez del Instituto de Química 
Médica de Madrid (CSIC) y BRL fue adquirido en Tocris. Los animales control se inyectaron con 
vehículo (2.5 μl de PBS). Para la inyección se utilizó una microbomba (KD Scientific, Holliston, 
MA). Una vez terminada la operación, los animales fueron estabulados individualmente para su 
correcta recuperación y mantenidos en el animalario. Una parte de los animales se mantuvieron 
durante 3 semanas al cabo de las cuales se testó el daño neurológico mediante test rotacional. El 
resto de los animales se perfundieron a las 72 horas con paraformaldehido 4% y se preservaron los 
cerebros para posteriores análisis (ver apartado 1.6).  
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1.4.1.- Test rotacional.  
La inyección subcutánea de apomorfina (0.1mg/kg, Sigma) induce un movimiento rotatorio 
en aquellas ratas con un lado de la SNpc lesionada, produciéndose el giro en el sentido contrario al 
lado lesionado (Jerussi and Glick, 1975). Las ratas se observaron durante 30 minutos después de la 
inyección de apomorfina, contándose el número de giros realizados. Previamente a la inducción del 
daño en la SNpc, todas las ratas pasaron este test, para evitar animales con problemas motores de 
base.  
 
1.5.- Extracción de proteína de tejidos y Western blot.  
La extracción de tejidos para Western blot se llevó a cabo mediante procedimiento 
estándar. Tras el sacrificio de los animales se extrajo y diseccionó el cerebro, almacenándose las 
diferentes áreas de interés a -80ºC hasta su posterior uso. Para la extracción de proteínas, las 
muestras se homogeneizaron, con ayuda de un homogenizador de émbolo de vidrio a 4ºC en 
tampón RIPA (1% NP 40 Igepal, 0.5% deoxicolato sódico y 0.1% docecil sulfato sódico (SDS) en 
PBS), conteniendo inhibidores de proteasas y fosfatasas (1mM fenilmetilsulfonil fluoruro (PMSF), 
1mM ortovanadato de sodio y 10 mM pirofosfato sódico). La concentración de proteína total se 
determinó por el método Bradford (Bio-Rad Hércules, CA) utilizando como patrón seroalbúmina 
bovina (BSA, Sigma). 
Se separaron las proteínas (20μg por muestra) mediante electroforesis en geles de 
poliacrilamida al 10% bajo condiciones desnaturalizantes (SDS) y reductoras (PAGE-SDS) y se 
transfirieron a una membrana de nitrocelulosa (Protran, Whatman, Dassel, Germany). Las 
membranas se bloquearon durante 1h a temperatura ambiente en T-TBS (Tris-HCl 20 mM pH 7.5, 
NaCl 150 mM, Tween-20 0.05%) con un 5% de leche en polvo desnatada o con un 1% BSA, en 
función del anticuerpo primario. A continuación se incubaron con el correspondiente anticuerpo 
primario (ver Tabla I) en el medio de bloqueo  durante 15 horas a 4ºC. Tras lavarse las membranas 
con T-TBS durante 15 minutos se incubaron con el correspondiente anticuerpo secundario anti-IgG 
de ratón o de conejo acoplado a peroxidasa (Sta. Cruz Biotech) durante 1 hora a temperatura 
ambiente en el medio de bloqueo. Los inmunocomplejos se visualizaron utilizando el sistema de 
quimioluminiscencia ECL (Amersham) siguiendo las indicaciones del fabricante. En todos los 
casos se utilizó el anticuerpo anti-α-tubulina (Sigma) como control de carga.  
               
 
 
 
Tabla I. Listado de anticuerpos usados para WB en tejido. 
 
Anticuerpo Origen Dilución Fabricante 
α-PDE7A Conejo 1/1000 Santa Cruz 
α-PDE7B Cabra 1/1000 Santa Cruz 
α-tubulina (alfa) Ratón 1/5000 Sigma 
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1.6.- Estudios histoquímicos. 
1.6.1.- Obtención de muestras.  
Los animales previamente anestesiados se perfundieron transcardíacamente con una 
solución de paraformaldehido (PF) al 4% en PBS. Los cerebros se postfijaron a 4ºC durante 24h en 
la misma solución, y crioprotegieron en dicha solución con sacarosa al 30%. Finalmente se 
congelaron en hielo seco y mantuvieron a -80ºC. Los cerebros se cortaron en un criostato (Cryocut 
1900, Leica) en secciones de 30μm que se conservaron en un tampón de congelación (30 % 
glicerol, 30% etilenglicol y 40% de tampón fosfato (PB) 0.1M) y almacenaron a -80ºC hasta su 
uso. Se hicieron cortes coronales y sagitales en función de las áreas a analizar.  
 
1.6.2.- Tinción histológica de Nissl. 
Se utilizo para teñir y cuantificar neuronas. Las secciones, previamente montadas sobre 
portas gelatinizados, se sumergieron en etanol al 70% durante 24 h, se tiñeron con violeta de cresilo 
(0.1% en tampón acetato (2.7% de acetato sódico, 1.3% ácido acético, en agua)) durante 5 minutos 
y se lavaron en alcoholes de gradación ascendente para finalmente ser diferenciados con alcohol y 
ácido acético. Tras una hora en xilol los portas fueron cubiertos con DePeX (Serva, Heidelbert, 
Alemania) y fotografiados. Para cuantificar el numero de neuronas se contó con el soporte 
informático analySIS (Soft Imaging System). El numero de células teñidas en el hilus y las 
regiones CA1 y CA3 del hipocampo se contaron en cinco campos independientes/corte y tres cortes 
por animal a 400 aumentos.  
 
1.6.3.- Tinción histológica con hematoxilina. 
Esta tinción se utilizo como contratinción para un análisis histológico mas preciso. Para 
ello las secciones coronales de hipocampo previamente inmunoteñidas con BrdU, fueron  montadas 
en portas gelatinizados y sumergidos en una solución con hematoxilina (1mg/ml  en agua) durante 
2 minutos. A continuación se deshidrataron en concentraciones ascendentes de alcoholes y tras un 
paso final por xilol fueron cubiertas con DePeX para posteriormente ser analizados. 
 
1.6.4.- Tinción con Fluoro-Jade B. 
Esta tinción se utilizó para marcar neuronas dañadas, en proceso de degeneración  
(Schmued et al. 1997). Secciones montadas en portas gelatinizados se sumergieron en baños 
sucesivos con alcohol 100%, alcohol 70% y agua destilada para después preincubar durante 15 
minutos en agitación con una disolución acuosa con 0.06% de permanganato. Tras incubar con la 
solución de tinción (0.001% de Fluoro-Jade B (Chemicon) en ácido acético) durante 30 minutos a 
temperatura ambiente (TA), las secciones fueron lavadas en agua destilada, secadas a temperatura 
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ambiente y montadas con DePeX. Las muestras fueron fotografiadas con un microscopio confocal 
Radiance 2100 (Bio-Rad, Hercules, CA).   
 
1.6.5.- Inmunohistoquímica.  
Se utilizaron secciones en flotación que se incubaron con el correspondiente anticuerpo 
primario y en las condiciones especificadas, en función de si iban a ser visualizadas con 
diaminobencidina o con fluorescencia. La especificidad de los anticuerpos utilizados se verificó 
mediante la ausencia total de señal al omitir el anticuerpo primario. En los experimentos de 
detección de BrdU, antes de iniciar la incubación con el correspondiente anticuerpo, las secciones 
fueron incubadas con HCl 2M a 37ºC durante 30 minutos y luego neutralizadas con borato sódico 
0.1M. La tabla II muestra los anticuerpos utilizados. 
 
Anticuerpo Origen Dilución Fabricante 
α - BrdU Ratón 1/400 Dako 
α - CD11b (OX-42) Ratón 1/100 Serotec 
α - doublecortin (DCX) Cabra 1/200 St. Cruz 
α - GFAP Ratón 1/300 Sigma 
α - Neu N Conejo 1/100 Chemicon 
α-PDE7A Conejo 1/100 Santa Cruz 
α-PDE7B Cabra 1/100 Santa Cruz 
α - PPARγ Ratón 1/200 Santa Cruz 
α - PSA-NCAM Ratón 1/100 Chemicon 
α - TH Conejo 1/300 Chemicon 
α - (β-III)-tubulina Ratón 1/200 Sigma 
        Tabla II. Listado de anticuerpos usados para inmunohistoquímica en tejido. 
 
1.6.5.1.- Revelado con diaminobencidina (DAB). 
El primer paso fue la inhibición de la actividad peroxidasa endógena mediante la 
incubación con 1.5% de H2O2 en PBS durante 30 minutos. A continuación las muestras se 
bloquearon con 5% suero normal (de cabra o caballo, según corresponda), con 0.1M de lisina y 
0.1% de Triton X-100. Los cortes se incubaron toda la noche a 4ºC con los anticuerpos primarios 
correspondientes diluidos en la misma solución de bloqueo y después se lavaron 3 veces en PBS. 
Los anticuerpos primarios fueron visualizados usando anticuerpos secundarios biotinilados, con los 
que se incubaron las muestras durante 1 hora a temperatura ambiente, seguido de un tratamiento 
con el kit Vectastain elite ABC complex de Vector. Todas las secciones se montaron sobre portas 
gelatinizados para posteriormente ser fotografiadas con un microscopio Zeiss Axiophot acoplado a 
una cámara Olympus DP-50 digital o un estereomicroscopio modular Leica MZ6.  
En el análisis de la respuesta glial se cuantificaron dos parámetros: 1) el número de células 
gliales activadas, y 2) la intensidad de tinción. Para ello se identificaron los cuerpos celulares uno a 
uno, normalizándose su intensidad de tinción en función del fondo existente en cada preparación. 
Se asignaron valores arbitrarios en una escala de 1 (fondo de tinción) a 256. Para determinar la 
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activación de astrocitos se utilizó como marcador un anticuerpo anti-GFAP (Glial Fibrillary Acidic 
Protein) y un anticuerpo contra CD11b (OX-42) para determinar la activación de la microglia. Las 
células BrdU positivas se contaron a lo largo del hipocampo usándose 1 sección cada 60 μm y 
analizándose a 400 aumentos.  
 
1.6.5.2.- Fluorescencia. 
La incubación con los anticuerpos primarios se llevo a cabo de manera similar a lo 
expuesto en el apartado 1.6.5.1, excepto por la omisión de la inactivación de las peroxidasas 
endógenas. La visualización se llevó a cabo mediante el uso de anticuerpos conjugados a Alexa-
488 (fluoróforo verde) y Alexa 647 (fluoróforo rojo), todos de Molecular Probes (OR, USA). 
Todas las secciones se montaron sobre portas y posteriormente se fotografiaron con un microscopio 
confocal Radiance 2100. Las células BrdU positivas se contaron a lo largo de toda la SVZ y la 
RMS, usándose 1 sección cada 60μm y analizándose a 400 aumentos. Para evaluar el número de 
células BrdU+/NeuN+ en el bulbo olfatorio, se contaron 5 campos independientes (400 aumentos) 
en 5 secciones diferentes por animal (n=5).  
 
1.6.6.- Microscopía electrónica de transmisión. 
Los animales fueron perfundidos siguiendo el procedimiento detallado en el apartado 1.6.1, 
pero en esta ocasión usando una mezcla de paraformaldehido al 2% con glutaraldehído al 2.5% en 
tampón fosfato 0.1M. Los cerebros postfijados en sacarosa al 30% en la misma solución de 
perfusión se lavaron con PB y se cortaron coronalmente a 200 μm en un vibrátomo. A continuación 
las secciones se trataron con tetróxido de osmio al 2% en PB 0.1M durante 2 horas y luego 
deshidratadas en alcoholes a concentraciones crecientes. Tras 20 minutos en óxido de propileno a 
temperatura ambiente y 12 horas en una mezcla de propileno-resina (1:1) las muestras fueron 
incluidas en resina (Durcupan™, Fluka, Buchs, Switzerland) y mantenidas a 60ºC hasta la completa 
polimerización de la misma. Se realizaron a continuación cortes semifinos seriados de 1.5 µm de 
espesor con un ultramicrotomo, que se tiñeron con una solución al 1% de azul de toluidina, para 
estudiar la organización de la SVZ y la RMS. Con el fin de identificar los diferentes tipos celulares 
de la SVZ se realizaron cortes ultrafinos (70 nm) en un ultramicrotomo Reichert, que se montaron 
sobre unas rejillas de cobre y se tiñeron con una solución de acetato de uranilo y citrato (Electron 
Microscopy Science, Hatfield, UK) diluida al 2% en una solución de hidróxido de potasio y a 
temperatura ambiente. Por último las preparaciones se observaron y fotografiaron en un 
microscopio electrónico Fei (Tecnai-Spirit) acoplado a una cámara digital (Morada, Soft-imaging 
System). 
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2.- ESTUDIOS IN VITRO. 
  
2.1.- Cultivos celulares. 
2.1.1.-Cultivos primarios de células gliales. 
Este tipo de cultivos se inició a partir de la corteza cerebral de ratas de dos días de edad 
postnatal (P2). Una vez decapitados los animales se procedió a extraer el cerebro, eliminar las 
meninges y diseccionar la corteza cerebral, la cual se disgregó con una pipeta Pasteur de vidrio en 
medio de cultivo DMEM frío. El homogeneizado obtenido se centrifugó durante 10 minutos a 1050 
rpm y tras eliminar el sobrenadante se resuspendió el pellet en  DMEN 10:10:1 (DMEM con 10% 
de suero fetal bovino, 10% de suero de caballo y 1% de penicilina/estreptomicina) y se sembraron 
las células en frascos de cultivo. Tras 7 días de cultivo en condiciones estándar (95% de humedad, 
37ºC de temperatura y 5% de CO2), los frascos fueron agitados en un agitador orbital durante 4 
horas a 230 rpm a 37ºC, permitiendo así separar las células microgliales no adherentes del resto de 
tipos celulares: astrocitos y oligodendrocitos. A continuación los botes de cultivo fueron agitados 
durante toda la noche a 260 rpm a 37ºC para separar oligodendrocitos de astrocitos. De esta manera 
se consiguió aislar la astroglía, que fue sembrada en placas de 24 pocillos sobre cristales 
previamente tratados con poli-D-lisina (20μg/ml en agua). Tras 2 días en cultivo los astrocitos 
fueron tratados con NP04634 (Noscira, 25 μM) 1 hora antes de inducir daño mediante exposición a 
LPS (10 μg /ml), tras lo cual se dejaron 24h en cultivo para a continuación evaluar la expresión de 
distintos marcadores de citotoxicidad (ver sección 2.3). 
 
 2.1.2.- Cultivo de células madre neurales.  
Los cultivos de células madre neurales se iniciaron a partir de las dos áreas neurogénicas 
del cerebro adulto, la zona subventricular (SVZ) y la zona subgranular del hipocampo (SGZ). Para 
ello se diseccionó el cerebro obteniéndose la SVZ y el hipocampo, que se disgregaron en medio 
DMEN, con 1% glutamina, 0.05% gentamicina y 0.3% fungizona. Después de tratar con 0.05% 
tripsina-EDTA, 0.3 mg/ml de hialuronidasa y 0.5 U/ml DNAsa en DMEM, se procedió a eliminar 
los restos de mielina con DPBS (Invitrogen). Las células se sembraron en placas de 6 pocillos y se 
cultivaron con DMEN/F12 (1:1, Invitrogen) con  antibióticos y suplementado con 2% B27 (Gibco), 
10 ng/ml de factor de crecimiento epidérmico (EGF, Peprotech, London, UK) y 10 ng/ml de factor 
de crecimiento de fibroblastos (FGF, Peprotech). En estas condiciones las células proliferan en 
flotación y forman grupos esféricos, las neurosferas (NS) primarias. Tras 3 días en cultivo en 
condiciones estándar, las NS se trataron según el tipo de diana celular a estudiar. A partir de las NS 
primarias se obtienen las NS secundarias. Para ello, después de 7 días de cultivo, las NS primarias 
se disocian y las células se vuelven a cultivar en las mismas condiciones  obteniéndose nuevas 
neurosferas. El estudio de la posible respuesta de las células madre neurales a los diferentes 
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tratamientos se llevó a cabo tanto con NS primarias como secundarias.  En la tabla III se indican 
los productos utilizados, su origen y las concentraciones a las que se utilizaron.    
   
Compuestos 
Producto Abreviatura Tipo Compuesto Proveedor Dosis 
Alsterpaulona Alst Inhibidor GSK-3β Sigma 10 μM 
GW9662 GW Inhibidor PPARγ Cayman 10, 30 μM 
NP031111 NP11 Inhibidor GSK-3β IQM* 10 μM 
NP031112 NP12 Inhibidor GSK-3β IQM* 2,5 μM 
NP031115 NP15 Inhibidor GSK-3β IQM* 10 μM 
Pioglitazona PGZ Ligando PPARγ Actos. Lilly 5, 10, 30 μM 
Rosiglitazona RGZ Ligando PPARγ Cayman 5, 10, 30 μM 
T0070907 T Inhibidor PPARγ Cayman 25, 50 μM 
VII VII Inhibidor GSK-3β Sigma 10 μM 
VIII VIII Inhibidor GSK-3β Sigma 10 μM 
VPs. 2.51, 2.54, 
3.16, 3.31, 3.35 ---- Inhibidor GSK-3β IQM
* 10 μM 
* Prof. Ana Martínez. Instituto de Química Médica. CSIC. 
                       Tabla III. Listado de compuestos usados en cultivos de neuroesferas. 
 
2.1.2.1.- Diferenciación de cultivos.  
Con el fin de determinar la capacidad de las células madre neurales de generar los distintos 
tipos celulares del SN, neuronas, astrocitos u oligodendrocitos, se sembraron las NS, previamente 
cultivadas durante 10 días, sobre cristales tratados con poli-L-lisina (100μg/ml), en ausencia de 
factores exógenos de crecimiento. Tras 24h en cultivo se fijaron las NS con paraformaldehido al 
4% en PBS y se conservaron en PBS con 0.05% de azida sódica a 4ºC hasta su análisis 
inmunocitoquímico. 
 
2.1.2.2.- Ensayo de migración celular. 
Se utilizaron NS en crecimiento, las cuales fueron recogidas del cultivo de una en una y 
pegadas en pocillos de 35mm previamente tratados con poli-L-lisina. A las 48h se examinó el 
crecimiento de la NS con un microscopio de contraste de fases, adquiriéndose las imágenes con un 
equipo Nikon Digital Sight, SD-L1. La distancia de migración celular se calculó desde el límite de 
la esfera.  
 
2.1.2.3.- Medidas de crecimiento y proliferación celular. 
El número de neuroesferas primarias y secundarias así como su tamaño fue analizado con 
ayuda de un microscopio Nikon Digital Sight, SD-L1 (Nikon, Japan). Los ensayos de proliferación 
se llevaron con NS primarias, en ausencia o presencia de los distintos tratamientos ya mencionados, 
cultivadas durante 7 días. Tras este periodo, se sembraron las NS sobre cristales previamente 
tratados con poli-L-lisina y se dejaron durante 24h. Pasado ese tiempo se fijaron y conservaron tal 
como se indica en el apartado 2.1.2.1.  
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2.1.3.- Cultivo de células de neuroblastoma humano SH-SY5Y.  
Las celulas SH-SY5Y (Sigma) se cultivaron en condiciones estándar en medio Ham′s 
F12:EMEM (EBSS) (1:1) con 2 mM glutamina y 15% de suero fetal bovino (FBS). En la tabla IV 
se resumen los compuestos utilizados con esta línea celular. 
 
  Compuestos 
Producto Abreviatura Tipo Proveedor 
 
Dosis 
BRL50481 BRL Inhibidor de 
PDE7 
Tocris 
Bioscience 
30 μM 
H-89 ---- Inhibidor de 
PKA 
Calbiochem 20 μM 
Rolipram Rol Inhibidor de 
PDE4 
Tocris 
Bioscience 
30 μM 
Rp-cAMP Rp Análogo de 
AMPc 
BioLog 100 μM 
S14 ---- Inhibidor de 
PDE7 
IQM* 10 μM 
*Prof. Ana Martínez. Instituto de Química Médica. CSIC. 
 
Agente Citotóxico 
6-hidroxidopamina 6-OHDA Sigma 30 μM 
                             Tabla IV. Listado de compuestos usados en cultivos de SH-SY5Y. 
 
2.1.4.- Cultivos primarios de células de mesencéfalo ventral. 
 Los cultivos celulares se obtuvieron a partir del mesencéfalo ventral de embriones de rata 
de 14 días de edad (E14). Las madres gestantes se sacrificaron por dislocación cervical y se 
extrajeron los sacos embrionarios, que se diseccionaron en medio HBSS sin Ca++ ni Mg++ (Gibco). 
Se aisló el mesencéfalo ventral que fue triturado mecánicamente usando una micropipeta en medio 
HBSS. Se centrifugó el homogeneizado obtenido a 1200xg durante 5 minutos, siendo el pellet 
resultante resuspendido en medio MEM suplementado con 10% FBS, 10% HS, 1g/l de glucosa, 
glutamina 2mM, piruvato sódico 1mM, aminoácidos no esenciales 100 μM, penicilina 50U/ml y 
estreptomicina 50 μg/ml. Las células obtenidas se sembraron en placas de 24 pocillos  a una 
densidad de 5.105 células/pocillo o bien en placas de 96 pocillos a 105 células/pocillo y se 
mantuvieron en condiciones estándar. Después de una semana en cultivo, las células se trataron con 
LPS (10 μg/ml) o con 6-OHDA (35 μM, Sigma), solos o en combinación con S14 (10 μM). Tras 24 
horas en cultivo se procesaron las muestras para inmunocitoquímica o para medición de los niveles 
de nitritos en el medio.  
   
2.2.- Extracción de proteína total de cultivos celulares y Western blot.  
Los cultivos de SH-SY5Y previamente tratados con Rol, BRL o S14 durante 1 hora fueron 
mantenidos en presencia de 6-OHDA durante 16h, para finalmente ser lavados 2 veces con PBS y 
proceder a la extracción de proteína total. Para extraer las proteínas, las células se lisaron en 
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tampón de lisis (NaF 50mM, Na4P2O7 10mM, EDTA 5mM, Tris-HCl 50 mM pH 7.5, Triton X-100 
0.5%, NaPPi 10 mM) y en presencia de inhibidores de fosfatasa y proteasas (ortovanadato sódico 
0.2mM, ditiotreitol 1mM, 2μg/ml de leupeptina, 2μg/ml de aprotinina, 2μg/ml de pepstatina A y 
PMSF 0.4mM). La concentración de proteína total se determinó por el método Bradford utilizando 
como patrón BSA. Las proteínas se separaron en geles PAGE-SDS, se transfirieron a membranas 
de nitrocelulosa y se incubaron con los anticuerpos primarios (tabla V) y secundarios tal como se 
indica en el apartado 1.5. 
En todos los casos se utilizó el anticuerpo anti-α-tubulina como control de carga, con 
excepción de aquellos experimentos en los que se uso un anticuerpo anti-P-CREB, en los que el 
control de carga se hizo usando un anticuerpo anti-CREB.  
 
Anticuerpo Origen Dilución Fabricante 
α - CREB Ratón 1/1000 ABcam 
α - CREB (fosforilada) Ratón 1/1000 ABcam 
α-PDE7A Conejo 1/1000 Santa Cruz 
α-PDE7B Cabra 1/1000 Santa Cruz 
α - PPARγ Ratón 1/1000 Santa Cruz 
α-tubulina (alfa) Ratón 1/5000 Sigma 
   Tabla V. Listado de anticuerpos usados para WB en células. 
   
 
2.3.- Inmunocitoquímica.  
Para los estudios inmunocitoquímicos se utilizaron células adheridas a cristales. Para ello 
las células se cultivan en placas de 24 pocillos, con el correspondiente cubreobjetos de cristal 
tratado con poli-L-lisina (100μg/ml), donde se realizan los correspondientes tratamientos. A 
continuación se fijan las células sumergiendo los cristales durante 20 minutos a temperatura 
ambiente en una solución de paraformaldehido 4%. Los cristales se lavan varias veces con PBS 
para a continuación ser permeabilizados con 0.1% Triton X-100 en PBS durante 30 minutos a 
37ºC. Seguidamente fueron incubados con el correspondiente anticuerpo primario a 37ºC durante 1 
hora. Tras 3 lavados de 5 minutos con PBS se incubaron con el correspondiente anticuerpo 
secundario fluorescente durante 45 minutos a 37ºC. Una vez montados los cristales sobre portas 
con Vectashield, se obtuvieron las imágenes con microscopía confocal. Para los experimentos de 
cuantificación se utilizo el soporte informático analySIS. El número de células consideradas 
positivas para un marcador específico se refirió al número total de núcleos (DAPI) contados. Estas 
cuantificaciones se realizaron con aumento de 400x sobre al menos cinco campos independientes 
elegidos al azar.  
  Los anticuerpos utilizados en inmunocitoquímica se resumen en la tabla VI. 
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Anticuerpo Origen Dilución Fabricante 
Primario  
α - (β-III)-Tubulina (TuJ-1) Conejo 1/200 Covance 
α - Caspasa 3 Conejo 1/200 R&D Systems 
α - CD11b (OX-42) Ratón 1/400 Serotec 
α - COX-2 Conejo 1/100 St. Cruz 
α - GFAP Ratón 1/300 Sigma 
α - Ki67 Conejo 1/100 Novocastra 
α - MAP-2 Ratón 1/200 Sigma 
α - Neu N Conejo 1/100 Chemicon 
α-PDE7A Conejo 1/100 Santa Cruz 
α-PDE7B Cabra 1/100 Santa Cruz 
α - TH Ratón 1/100 Sigma 
α - TNFα Cabra 1/100 Santa Cruz 
Secundario  
Alexa - 488 Cabra, Conejo, Ratón 1/400 Molec. Probes 
Alexa - 546 Cabra, Conejo 1/400 Molec. Probes 
Alexa - 647 Ratón, Conejo 1/400 Molec. Probes 
         Tabla VI. Listado de anticuerpos usados para inmunohistoquímica en células. 
 
 
2.4.- Ensayo de viabilidad celular (MTT). 
La viabilidad celular de las células SH-SY5Y, se midió mediante un ensayo colorimétrico 
con sal de tretazolium (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide (MTT)) de 
Roche Diagnostic, basado en la capacidad de las células viables para reducir el MTT (amarillo) a 
formazán (azul). Para ello se sembraron 30.000 células/pocillo en placas multipocillo de 96 y a las 
24 horas se trataron con los correspondientes compuestos en las condiciones indicadas. Tras 24h en 
condiciones estándar de cultivo, se incubaron las células con MTT (0.5mg/ml) durante 4 horas para 
a continuación solubilizar en 10% de SDS / 0.01 M HCl en oscuridad durante 12 horas. La 
reducción del MTT por parte de las células se cuantificó mediante medición de la absorbancia a 
550nm, según las indicaciones del fabricante. Los datos se expresaron como porcentaje de células 
viables.  
 
 2.5.- Determinación de nitritos. 
Los niveles de nitritos en el medio de cultivo como medida de la producción de óxido 
nítrico, se evaluaron en el sobrenadante de células SH-SY5Y y de cultivos mesencefálicos 
cultivados en placas de 96 pocillos. Estos cultivos fueron tratados con diversos compuestos 2 horas 
antes de su exposición a 6-OHDA (los cultivos de SH-SY5Y) o a LPS (los cultivos 
mesencefálicos). La medición de los niveles de nitrito producidos se realizó, tras 24 horas en 
contacto con el agente citotóxico. Para ello se mezcló la misma cantidad de sobrenadante que de 
reactivo de Griess (40mg/ml agua) y tras 15 minutos de incubación a temperatura ambiente se 
midió la absorbancia a 540nm con un lector de placas. La concentración de nitrito se determinó a 
partir de una curva patrón con concentraciones conocidas de nitrito de sodio.  
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 2.6.- Medición de lactato deshidrogenasa (LDH). 
Para estimar el daño celular se midieron los niveles de lactato deshidrogenasa (LDH) 
liberado por las células SH-Y5Y dañadas, en el medio de cultivo, 24 horas después de su 
exposición a 6-OHDA. Se utilizó un método colorimétrico que mide la cantidad de sal de formazán 
que se  forma tras la conversión de lactato a piruvato, puesto que la reducción de la sal de formazán 
es proporcional a la actividad LDH existente. Se tomó el sobrenadante de los cultivos y se incubó 
con el correspondiente reactivo de acuerdo con las instrucciones del fabricante (Kit de detección de 
citotoxicidad de Roche) durante 1h a temperatura ambiente. La intensidad del color obtenido en el 
ensayo, medido en un lector de placas a 490nm, fue proporcional a la actividad LDH y por tanto al 
número de células dañadas. Los datos se expresaron como porcentaje de daño citotóxico.  
 
 
2.7.- Medición de los niveles de AMPc. 
 Los niveles intracelulares de AMPc se midieron en cultivos de SH-SY5Y con un sistema 
inmunoenzimático (GE Healthcare, Amersham, UK). Las células previamente sembradas durante 
24 horas en placas multipocillo de 96 (30.000 células /pocillo) fueron tratadas durante 1h con S14, 
BRL y Rol. A continuación se lisaron y se midieron los niveles de AMPc siguiendo las 
instrucciones del fabricante. La lectura colorimétrica se realizó en un lector de placas a 450 nm. 
Todas las lecturas se normalizaron con la correspondiente curva patrón con niveles de AMPc 
conocidos. Se hicieron al menos tres experimentos independientes, cada uno de ellos por triplicado, 
y la cantidad de AMPc se expresó en fmol/pocillo.  
 
 
 
2.8.- Medición de la muerte celular por apoptosis.  
Se utilizaron para ello dos procedimientos estándar, determinar por un lado la presencia de 
fosfatidilserina en la cara externa de la membrana celular y por otro la cantidad de caspasa 3 activa, 
ambos métodos claramente reconocidos como marcadores de apoptosis. La cantidad de 
fosfatidilserina se midió con inmunotinción con anexina V acoplada a FITC (Bender MedSystems) 
y observación con microscopio confocal. Los niveles de caspasa-3 activada se determinaron por 
inmunocitoquimica usando un anticuerpo especifico anti caspasa-3 activada (R&D Systems). La 
cuantificación de células positivas para ambos marcadores de apoptosis se realizó en 20 campos 
independientes a 400x aumentos. 
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3.- ANÁLISIS ESTADÍSTICO. 
Los análisis estadísticos  fueron llevados a cabo mediante el soporte informático SPSS 
(Inc., Chicago, IL). Las comparaciones de medias entre variables continuas de distribución normal 
ser realizó utilizando el test t de Student. Las comparaciones entre diferentes grupos de animales se 
realizaron mediante un análisis ANOVA seguido de un test Newman-Keuls óptimo para 
comparaciones múltiples. Los datos ofrecidos se expresan como la media ± desviación estándar 
(ds) o como media ± error estándar (es). Todos los p-valores indicados son de dos colas, 
estableciéndose la significancia estadística como p≤0.05.  
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1. -EFECTO NEUROGÉNICO DE LOS LIGANDOS  DE PPARγ. 
  
1.1.- Efecto de  la pioglitazona sobre la proliferación  celular en la zona subventricular.  
 Inicialmente analizamos la expresión PPARγ en el cerebro adulto, prestando especial 
interés a las zonas neurogénicas. Los resultados se muestran en la figura 1. Como puede observarse 
esta proteína esta ampliamente distribuida en el cerebro tal como muestra el análisis por Western 
blot de diversas áreas cerebrales (figura 1A). También es abundante en los dos principales nichos 
neurogénicos del adulto, el giro dentado del hipocampo y la zona subventricular (ZSV), como 
muestra el análisis inmunohistoquímico (figura 1B).  Además, encontramos también expresión de 
PPARγ a lo largo de toda la corriente migratoria rostral (CMR) desde la ZSV hasta el bulbo 
olfatorio (BO), tal y como muestra la sección sagital de en la figura 1B (panel central).     
 
 
 
 
 
 
 
 
A continuación analizamos el efecto de la pioglitazona, un ligando específico de PPARγ,  
sobre la proliferación en la ZSV y la CMR. Se eligió pioglitazona para el estudio in vivo, frente a 
otros ligandos de este receptor, por su capacidad para atravesar la barrera hematoencefálica 
(Brodbeck et al., 2008; Maeshiba et al., 1997). La pioglitazona, administrada oralmente durante  3 
días, claramente aumentó el número de células positivas para BrdU en la ZSV y la CMR (figura 2). 
En la ZSV se observó un aumento de un 35% en el número de células BrdU+ tras el tratamiento con 
pioglitazona (figuras 2B, 2E). En la CMR este aumento fue de un 40 %  (figuras 2D, 2F). Los 
resultados de la tinción histológica también permitieron observar un aumento en el tamaño de la 
ZSV (figura 2A) así como una mayor dispersión de la CMR (figura 2C) en los animales tratados 
con pioglitazona.  
  
FIGURA 1.- Expresión de PPARγ en el cerebro adulto. A) 
Análisis  por Western blot de la expresión de PPARγ en 
diferentes zonas del cerebro: corteza (Cx), hipocampo (Hip) y 
Cerebelo (Cb). B) Análisis inmunohistoquímico de la expresión 
de PPARγ en zonas de interés neurogénico: zona subgranular 
del hipocampo  (ZSG),  corriente  migratoria  rostral  (CMR) y 
zona subventricular (ZSV). Barras de escala = 250 μm. Los 
recuadros marcan la zona ampliada mostrada a la derecha. 
Barras de escala = 25 μm.  
A B 
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Para una mejor caracterización del efecto de la pioglitazona en la ZSV y la CMR se realizó 
un análisis inmunohistoquímico, sobre secciones coronales y sagitales, con distintos marcadores: 
doblecortina (DCX), como marcador endógeno de neuroblastos y neuronas inmaduras (Brown et 
al., 2003; Couillard-Despres et al., 2005); la forma polisialilada de la molécula de adhesión celular 
neural (PSA-NCAM), como marcador específico de neuroblastos en la CMR (Battista and 
Rutishauser; Bonfanti and Theodosis, 1994; Rousselot et al., 1995) y β-tubulina III como marcador 
de nuevas neuronas en migración (Doetsch and Alvarez-Buylla, 1996).  
 
 
 
 
FIGURA 2.- Efecto de la pioglitazona sobre la proliferación celular en la zona subventricular y la corriente migratoria rostral. 
Secciones coronales de animales control y tratados con pioglitazona se tiñeron con violeta de cresilo (Nissl) o se inmunotiñeron con 
anticuerpos anti-BrdU (verde) y anti-NeuN (rojo). Los recuadros en A y C muestran las zonas ampliadas en B y D. Los recuadros 
en B muestran la zona ampliada debajo. E y F muestran la cuantificación del número de células BrdU inmunoreactivas (IR) en la 
ZSV y la CMR. Los valores representan la media ± ds correspondiente a cinco animales distintos. *P<0.05. Barra de escala en B y 
D = 200 μm y en las ampliaciones 100 μm. 
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Nuestros resultados muestran que la pioglitazona en la CMR aumentó significativamente el 
número de células DCX+ (figura 3A) particularmente en algunas zonas como el brazo anterior y el 
“codo” de la CMR. Lo mismo se observó en el caso de PSA-NCAM, que se expresaba de manera 
abundante a lo largo de toda la CMR, existiendo mayor inmunoreactividad en los animales tratados 
con pioglitazona (figura 3C). La administración de pioglitazona también promovió un aumento en 
la expresión de DCX en la ZSV, con la presencia de un mayor número de cadenas migratorias 
(figura 3B). Por último nuestros resultados muestran un aumento en la expresión de β-tubulina en 
la ZSV de los animales tratados con pioglitazona (figura 3D).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 3.- Efecto de la pioglitazona sobre los precursores neurales y su capacidad migratoria en la zona subventricular 
(ZSV) y la corriente migratoria rostral (CMR). (A, B) Expresión de DCX en la CMR y en la ZSV mediante tinción 
inmunohistoquímica en animales control y tratados con pioglitazona. Los recuadros en A y B muestran la zona ampliada 
en la imagen inferior (C) Imágenes representativas de la inmunotinción de PSA-NCAM en la CMR. Los recuadros 
muestran la zona ampliada en la imagen inferior. (D) Imágenes representativas de la inmunotinción de β-III-tubulina 
(TuJ-1) en  la ZSV de animales control y tratados con pioglitazona. Los recuadros muestran la zona ampliada en la 
imagen inferior. Barras de escala en A, B, C y D = 250 μm y en las ampliaciones 25 μm.
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1.2.- Efecto de la pioglitazona sobre la migración celular desde la ZSV. 
 Se analizaron las características morfológicas de la ZSV en animales controles y tratados 
con pioglitazona mediante microscopía electrónica de transmisión (MET). Esta técnica nos 
permitió identificar y caracterizar los diferentes tipos de células en la ZSV en base a sus 
características ultraestructurales (Danilov et al., 2009; Doetsch et al., 1997). Inicialmente se tiñeron 
con azul de toluidina secciones coronales semifinas de la pared lateral de la ZSV, lo que nos 
permitió ver la composición de las células que componen la ZSV.  En la figura 4A pueden verse, en 
los animales control, cadenas de neuroblastos próximas al límite entre el epéndimo de la ZSV y el 
neuropilo subyacente. Los animales tratados con pioglitazona (figura 4B) presentaban una ZSV con 
un área ependimaria mas desarrollada y un mayor número de neuroblastos migrando (flechas en 
figura 4B), localizados mas profundamente en el neuropilo. 
 
 En los animales controles se observó la típica estructura de la ZSV, con una zona 
ependimaria en cuyo límite aparecían cadenas de células migradoras de tipo A (figura 4C, área 
punteada). Estas células se identificaron por su pequeño tamaño y por tener un núcleo denso y 
escaso citoplasma, características propias de células migradoras. Los astrocitos o células de tipo B 
se identificaron por su soma de mayor tamaño y su citoplasma menos denso, rico en filamentos 
intermedios. El tratamiento con pioglitazona alteró la estructura de la ZSV (figura 4D). Se observó 
un aumento del número de neuroblastos que, en comparación con los animales control (figura 4C), 
poseían una morfología irregular y se localizaban en un área más alejada de la línea basal que 
separa el área ependimaria. Otro cambio observado con respecto a los controles (figura 4E) fue que 
los espacios intercelulares entre las células migradoras eran mayores en los animales tratados con 
pioglitazona (flechas en figura 4F). Con respecto a la CMR, pudo observarse que en los animales 
tratados con pioglitazona había un mayor número de células formando parte de las cadenas de 
neuroblastos migrando (figura 4H). Estas células presentaban una mayor dispersión, tendiendo a 
formar una CMR mas expandida, en comparación con el control (figura 4G). 
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1.3.- Efecto de la pioglitazona sobre la formación de nuevas neuronas en el bulbo olfatorio. 
 Dado que la pioglitazona estimula la proliferación y migración de los neuroblastos en la 
ZSV, estudiamos si éstos completaban su ciclo llegando al bulbo olfatorio para finalmente 
diferenciarse. Para ello realizamos un análisis inmunohistoquímico 21 días después del tratamiento 
con pioglitazona y de la inyección de BrdU. Tras ese tiempo, la mayoría de las células BrdU 
positivas ya han llegado a la capa celular granular del bulbo olfatorio a través de la CMR y 
expresan un fenotipo neuronal (Winner et al., 2002). Determinamos la cantidad de células BrdU y 
NeuN positivas en el bulbo olfatorio de animales controles e inyectados con pioglitazona. Nuestros 
resultados muestran que el número de células doblemente marcadas (BrdU+/NeuN+) aumentaba en 
la capa glomerular del bulbo olfatorio tras el tratamiento con pioglitazona (figura 5A y B). 
 
 
 
Figura 4.- Efecto de la pioglitazona sobre 
la migración celular en la zona 
subventricular (ZSV) y en la corriente 
migratoria rostral (CMR). (A) Sección 
semifina teñida con azul de toluidina 
mostrando la ZSV de animales control su 
citoarquitectura típica.  (B) Los animales 
tratados intragástricamente con 
pioglitazona presentan mayor número de 
neuroblastos migrando (flechas) en la ZSV. 
(C) Ultraestructura de la ZSV de un 
animal control. El área punteada  junto al 
epéndimo muestra cadenas de células tipo 
A migrando. (D) El tratamiento con 
pioglitazona incrementa el número de 
cadenas de neuroblastos migrando (zona 
punteada), las cuales además se localizan 
en zonas mas profundas con respecto al 
epéndimo. (E) Típica cadena de 
neuroblastos migrando. Las flechas 
marcan los espacios intercelulares entre las 
células en migración. También se observan 
grupos de células tipo B (astrocitos) 
formando parte de esas cadenas 
migradoras. (F) Detalle de cadenas 
migradoras de animales tratados con 
pioglitazona en los que se observan 
mayores espacios intercelulares entre los 
neuroblastos en migración (flechas). (G) 
Sección semifina teñida con azul de 
toluidina mostrando la CMR de un animal 
control, caracterizada por la presencia de 
cadenas migradoras formando masas 
celulares densas y compactas. (H) CMR de 
un animal tratado con pioglitazona donde 
se observan grandes grupos con gran 
densidad de células y una mayor 
distribución en comparación con el 
control. VL: ventrículo lateral. Barras de 
escala en A y B = 20 μm; C y D = 10 μm; E 
y F = 2 μm; G y H = 50 μm. 
Resultados 
 
60 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.4.- Efecto de pioglitazona y rosiglitazona sobre la neurogenesis in vitro.      
 En vista de los resultados observados, nos propusimos estudiar a continuación el 
mecanismo de acción de pioglitazona y rosiglitazona (otro ligando específico de PPARγ) como 
agentes neurogénicos y en qué medida se encuentra implicado PPARγ en todo el proceso. Para ello 
llevamos a cabo estudios in vitro, utilizando un modelo experimental de cultivo con neuroesferas 
(NS) primarias y secundarias derivadas de células madre neurales. Inicialmente estudiamos si estas 
células expresan PPARγ mediante análisis de Western blot. Tal y como muestra la figura 6, PPARγ 
se expresa en neuroesferas, independientemente de su estado de diferenciación.  
 
 
 
 
 
 
 
  
FIGURA 6.- Expresión de PPARγ en neuroesferas. Western blot 
representativo de la expresión de PPARγ en neurosferas 
indiferenciadas (crecidas en flotación durante 7 días) y 
diferenciadas (crecidas en medio de adhesión durante 2 dias). 
FIGURA 5.- Efecto de la pioglitazona sobre la 
formación de nuevas neuronas en el bulbo 
olfatorio. (A) Secciones sagitales del bulbo 
olfatorio mostrando la capa celular granular 
(CCG) teñida con BrdU (verde) y NeuN (rojo). 
El recuadro en el panel superior marca la zona 
que se muestra a continuación a mayor aumento 
(B) Cuantificación del número de células que 
expresan doblemente BrdU y NeuN en el CCG. 
Los valores representados corresponden a la 
media  ± ds correspondiente a cinco animales 
distintos. ***P<0.001. Barra de escala en A = 100 
μm; imágenes a mayor aumento = 20 μm. 
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A continuación descartamos que las concentraciones usadas de estos compuestos tuvieran 
efecto tóxico. Para ello analizamos por inmunocitoquímica los niveles  de caspasa-3 activada. 
Como puede observarse en la figura 7, no observamos efecto tóxico de estos compuestos a las 
concentraciones utilizadas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Evaluamos el efecto de ambos ligandos sobre la capacidad de formación de NS, 
determinando el número de NS formadas y el tamaño de las mismas. Tras 10 días de cultivo en 
presencia de pioglitazona y rosiglitazona, encontramos un aumento significativo tanto en el número 
como en el diámetro de NS primarias (figura 8A y B). En el caso de la pioglitazona obtuvimos 
310±12 NS primarias con un diámetro medio de 212±6 μm y de 323±10 NS con un diámetro 
medio de 219±9 μm en el caso de la rosiglitazona, frente a las 183±14 NS con un diámetro medio 
de 94±7 μm de los controles. Ambos compuestos también aumentaron la capacidad de formación 
de neurosferas secundarias, como puede observarse en la figura 8. En presencia de pioglitazona se 
obtuvieron 341±15 NS con un diámetro medio de 219±5 μm y en el caso de rosiglitazona 336±12 
NS con un diámetro medio de 198±5 μm, frente a las 210±10 NS con un diámetro medio de 96±5 
μm de los controles. Nuestros resultados in vitro concuerdan con los resultados obtenidos 
previamente in vivo y sugieren claramente que estos compuestos tienen un importante efecto 
promotor de la neurogenesis y autorenovación de las células madres. A continuación analizamos si 
la acción de pioglitazona y rosiglitazona estaba mediada por PPARγ. Para ello utilizamos dos 
antagonistas específicos de PPARγ, GW9662 (GW) y T0070907 (T). Los resultados se muestran en 
la figura 8A y B. Como puede observarse, ambos antagonistas bloquearon el efecto de la 
pioglitazona y la rosiglitazona en las neuroesferas primarias. No se observó ningún efecto sobre el 
número y tamaño de las neuroesferas cuando se cultivaron solamente en presencia de GW y T 
FIGURA 7.- Efecto de la pioglitazona y rosiglitazona sobre la viabilidad celular. Análisis 
inmunocitoquímico de la activación de caspasa 3. Se tiñeron las células madre después de 7 dias de 
cultivo  con un anticuerpo anti-caspasa 3 activada (verde). Los núcleos se tiñeron con DAPI (azul). 
Barra de escala = 100 µm. 
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(figura 8A, B). Resultados similares se obtuvieron en el caso de la formación de NS secundarias 
con el uso de GW, datos mostrados en la figura 8B. Estos resultados por tanto sugieren que tanto la 
pioglitazona como la rosiglitazona ejercen su acción a través de PPARγ. 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 8.- Efecto de piotglitazona y rosiglitazona sobre la formación y crecimiento de neuroesferas. (A) Fotografías 
representativas del tamaño de las NS crecidas en flotación durante 7 días en presencia o ausencia de pioglitazona (10 μM) y de 
rosiglitazona (30 μM). Algunos de los cultivos fueron pre-incubados durante 1h con 30 μM GW9663 (GW) o con 50 μM  
T0070907 (T) antes de la adición de los ligandos de PPARγ. Barra de escala = 50 μm; (B) Cuantificación del efecto de las 
diferentes dosis de pioglitazona y rosiglitazona (5, 10 y 30 μM) sobre el crecimiento de las neuroesferas primarias. Se evaluó 
también el número de NS secundarias formadas así como su diámetro y el efecto de los antagonistas GW y T, sobre la acción de 
pioglitazona y rositglitazona. Los valores representados corresponden a la media±ds correspondiente a tres experimentos 
distintos, realizados por triplicado. *P < 0.05; **P<0.01, con respecto al basal. 
 
 
Puesto que la pioglitazona y la rosiglitazona indujeron la formación de NS y aumentaron su 
tamaño, el siguiente paso fue estudiar su efecto sobre un marcador específico de células en 
división, como es la proteina Ki67. Tras 7 días de tratamiento de los cultivos con pioglitazona y 
rosiglitazona, observamos un claro aumento en el numero de células que expresaban Ki67 en las 
NS primarias, (figura 9). Estos datos indican un claro efecto de estos compuestos sobre la 
proliferación celular. 
 
 
 
 
 
 
 
FIGURA 9.- Efecto de pioglitazona y rosiglitazona sobre la expresión de Ki67. Imágenes representativas de microscopía confocal 
mostrando la expresión de Ki67 (verde) en neuroesferas primarias. Los núcleos se tiñeron con DAPI (azul). Se muestra también 
la cuantificación de dichas células Ki67 inmunoreactivas (IR) en cultivos de NS tratados con pioglitazona (PGZ) y rosiglitazona 
(RGZ). Barra de escala  = 100 μm Los resultados reflejan la media ± ds correspondiente a tres experimentos independientes 
realizados por triplicado. 
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1.5.- Efecto de la pioglitazona y la rosiglitazona sobre la migración celular en cultivos de 
neuroesferas.    
 El posible efecto de los ligandos de PPARγ sobre la migración de células madres neurales 
se analizó tratando las NS, previamente pegadas sobre cristal, con pioglitazona y rosiglitazona 
durante 48h. Los resultados obtenidos muestran que el tratamiento con ambos ligandos (figura 
10A) durante ese tiempo producía un aumento en la migración de las células fuera de la NS. La 
pioglitazona y la rosiglitazona indujeron un incremento de la migración de 1.6 y 1.5 veces, 
respectivamente, en comparación con el control, (figura 10B). En el grupo control, las células 
permanecían formando grupos siempre cercanos al núcleo de la NS (figura 10A). Por el contrario, 
en los cultivos tratados con los ligandos de PPARγ las células migraron notablemente, alejándose 
del núcleo de la NS (figura 10A) incluso llegándose a solapar las áreas de migración entre NS 
adyacentes. 
Analizamos de nuevo si este efecto sobre la migración celular estaba mediado por la 
activación de PPARγ, para lo cual utilizamos un antagonista selectivo,  GW9662. Los resultados 
obtenidos muestran que GW9662 bloquea el efecto de la pioglitazona y la rosiglitazona sobre la 
migración de células fuera de la NS (Figura 10). Estos resultados sugieren la implicación del 
receptor de PPARγ en los efectos pro-migratorios observados con pioglitazona y rosiglitazona. Por 
tanto, la activación de PPARγ jugaría un papel regulador en la formación y migración de 
neuroblastos en cerebro de rata adulta. 
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FIGURA 10.- Efecto de los ligangos de 
PPARγ sobre la migración de precursores 
fuera de la neuroesfera. Neuroesferas (NS) 
individuales, previamente pegadas sobre 
cristales, se trataron en ausencia o 
presencia de pioglitazona (10 μM) o de 
rosiglitazona (30 μM). Algunas fueron 
previamente tratadas con 30 μM GW9662 
(GW). (A) Fotografías representativas de 3 
experimentos independientes. Barra de 
escala = 25 μm. Los recuadros muestran a 
mayor aumento la zona de migración. 
Barra de escala = 10 μm. (B) Cuantificación 
de la distancia de migración de los 
progenitores neurales fuera de la NS. **P< 
0.01 en comparación con el control no 
tratado. 
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1.6.- Efecto de la pioglitazona y la rosiglitazona sobre la diferenciación  de células madre 
neurales.    
 Nuestro siguiente objetivo fue determinar si dichos compuestos regulaban la diferenciación 
celular en cultivos de neuroesferas. Para ello, analizamos mediante inmunocitoquímica la presencia 
de los diferentes tipos de células del sistema nervioso central, dentro y fuera de la NS. Utilizamos 
MAP-2 como marcador de neuronas y GFAP como marcador de astrocitos. Nuestros resultados 
mostraron que había muy pocas células marcadas con GFAP y MAP-2 en los cultivos de NS 
control (figura 11). Sin embargo, el tratamiento con los ligandos de PPARγ produjo un aumento 
notable en el número de células que expresan MAP-2 y GFAP, fundamentalmente en las células 
que salen de la NS (figura 11). El aumento en la inmunoreactividad para GFAP, (figura 11A), no 
solo afectaba al número de células sino también al tamaño de las prolongaciones que salían de las 
células, que eran mas gruesas y largas (imágenes ampliadas en figura 11A). Resultados similares se 
obtuvieron en el análisis con  MAP-2.  
La incubación con GW previa al tratamiento con pioglitazona y rosiglitazona inhibió el 
efecto de estos dos compuestos sobre la diferenciación celular. Estos datos indican que el efecto 
tanto de pioglitazona como rosiglitazona sobre la diferenciación de células madre neurales se debe 
a su unión a PPARγ, promoviendo su  activación. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 11.- Efecto de rosiglitazona y pioglitazona sobre la diferenciación celular en neuroesferas. Las NS fueron tratadas o 
no con pioglitazona (10 μM) y rosiglitazona (30 μM) durante 7 días y pegadas sobre cristales para que diferenciasen durante 
48h. Algunos cultivos se incubaron con GW9662 (GW, 30 μM que se añadió 1h antes que rosiglitazona o pioglitazona. (A) 
Expresión de GFAP (rojo) y cuantificación del número de células GFAP+. (B) Expresión del marcador neuronal MAP-2 
(rojo) y cuantificación del número de células MAP2+. En ambos casos se tiñeron los núcleos con DAPI (azul). Las fotografías 
a mayor aumento muestran en detalle algunas de las células localizadas en los extremos de la neuroesfera. Los resultados 
reflejan la media ± ds correspondiente a tres experimentos independientes realizados por triplicado. Barra de calibración = 
10 μm. ***P<0.001. 
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2.-   EFECTO NEUROGÉNICO DE LOS INHIBIDORES DE GSK-3β. 
 La inhibición selectiva de GSK-3β se ha realizado mediante el uso de tres inhibidores 
clásicos: Alsterpaulona, inhibidor VII e inhibidor VIII, así como de nuevos inhibidores sintetizados 
en el Instituto de Química Médica de Madrid (CSIC) por el grupo de la Dra. Ana Martínez. En 
concreto estos compuestos son NP031111, NP031112 y NP031115 que pertenecen a la familia de 
las tiadiazolidinonas (TDZDs) y se describieron como los primeros fármacos capaces de inhibir a 
GSK-3β de manera no competitiva con el ATP (Martinez et al., 2002a). Por su parte los 
compuestos denominados VPs (VP 2.51, VP2.54, VP3.16, VP3.31, VP3.35) son inhibidores 
estructurales de GSK-3β. VP 2.51 y VP 2.54 pertenecen a la familia de los tiazoles; VP 3.16 es una 
maleimida, mientras que VP 3.31 y VP3.35 son benzimidazoles. 
 
2.1.- Efecto de la inhibición de GSK-3β sobre el crecimiento y supervivencia de células madre 
neurales en cultivo (neuroesferas). 
 Después de tratar las neuroesferas durantes 7 días con los inhibidores de GSK-3β 
indicados, observamos que tanto el número de neuroesferas formadas como el diámetro de las 
mismas era significativamente mayor después del tratamiento con todos los inhibidores utilizados 
(figura 12) en comparación con los cultivos control. Para evaluar la capacidad de formación de NS 
secundarias, y basándonos en los resultados obtenidos con las NS primarias, seleccionamos 
alsterpaulona, un inhibidor clásico de GSK-3β, y NP031112. Los resultados mostrados en la figura 
12B demuestran como la inhibición de GSK-3β por parte de alsterpaulona y NP031112 promovía 
también una mayor formación de NS secundarias, en comparación con el control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   
    La figura  12 continúa en la página siguiente 
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Una vez comprobado que la inhibición de GSK-3β inducía la formación de un mayor 
número de NS, y de mayor tamaño, a continuación evaluamos si ese aumento era debido a un 
aumento de la proliferación en los progenitores neurales. Para ello utilizamos Ki67 como marcador 
específico de células en división. Tras 7 días de tratamiento de los cultivos con los inhibidores de 
GSK-3β, encontramos que el numero de células Ki67+ aumentaba significativamente en 
comparación con los cultivos controles sin tratar, (figura 12D), lo que indica un claro efecto 
inductor de la proliferación por parte de estos compuestos.  
 
 
2.2.-Efecto de la inhibición de GSK-3β sobre la migración celular en cultivos de neuroesferas.  
Para evaluar si la inhibición de GSK-3β  era capaz de modular la migración de células 
fuera de la propia NS, tratamos las NS, previamente pegadas sobre cristal, con alsterpaulona y 
NP031112 durante 48h. Nuestros resultados mostraron que ambos compuestos (figura 13A) 
indujeron la migración de las células fuera de la NS. La migración, medida por la máxima distancia 
desde el borde de la neurofera, fue 3 veces superior en presencia de NP031112 comparada con el 
control, mientras que  con la alsterpaulona el incremento fue de 2 veces (figura 13B). En el grupo 
control, las células permanecieron formando grupos siempre cercanos al núcleo de la NS (figura 
13A). 
 
FIGURA 12.- Efecto de la inhibición de GSK-3β sobre 
la formación y crecimiento de neuroesferas en cultivo. 
(A) Imágenes representativas del tamaño de las NS en 
presencia de los distintos inhibidores de GSK-3β (todos 
a una concentración de 10μM). (B) Efecto de los 
inhibidores de GSK-3β (10 μM) sobre el crecimiento de 
las NS. Se evaluaron dos parámetros: 1) número de NS 
formadas y 2) diámetro de las NS. Dos de los 
inhibidores de GSK-3β más potentes, Alsterpaulona y 
NP12 (10 μM) se utilizaron para evaluar el efecto de la 
inhibición de GSK-3β sobre la formación y crecimiento 
de NS secundarias. Barra de escala = 50 μm. (C) 
Expresión de Ki67 (verde) y cuantificación de las células 
inmunoreactivas (IR) en NS primarias tratadas con 
Alsterpaulona y NP12. Los núcleos se tiñeron con DAPI 
(azul). Barra de escala = 75 μm. Los resultados de las 
cuantificaciones reflejan la media ± ds correspondiente 
a tres experimentos independientes realizados por 
triplicado. **P<0,01; ***P<0.001, con respecto al basal. 
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FIGURA 13.- Efecto de alsterpaulona y NP12 sobre la migración de células fuera de la neuroesfera (NS). NS individuales, 
previamente pegadas sobre cristales, se trataron en ausencia o presencia de 10 μM alsterpaunola (Alst) o de NP031112 (10 μM), 
midiéndose después la distancia de migración fuera de la NS. (A) Fotografías representativas de 3 experimentos independientes. 
Barra de escala = 25 μm. Los recuadros muestran a mayor aumento la zona de migración. Barra de escala fotos a mayor 
aumento = 10 μm. (B) Cuantificación de la distancia de migración de los progenitores neurales, expresados como la media ± ds 
correspondiente a tres experimentos independientes realizados por triplicado. **P< 0.01; ***P<0.001 en comparación con el 
control no tratado.  
 
 
 
 
2.3.- Efecto de la inhibición de GSK-3β sobre la diferenciación de células madre neurales.    
 Puesto que la inhibición de GSK-3β parecía inducir la proliferación y migración de 
precursores neurales en cultivos de NS, evaluamos a continuación si dicha inhibición tenía algún 
efecto sobre la diferenciación celular en NS primarias. Analizamos mediante inmunocitoquímica la 
presencia de los diferentes tipos de células del sistema nervioso central, dentro y fuera de la NS, 
utilizando β-tubulina (TuJ), como marcador de neuronas y GFAP como marcador de astrocitos. 
Mientras que en los cultivos control solo se observaron algunas células aisladas positivas para β-
tubulina y GFAP (figuras 14 y 15) el tratamiento con los inhibidores de GSK-3β  indicados produjo 
un aumento en el número de células que expresaban β-tubulina (figura 14 y 15) migrando fuera de 
la NS.  
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FIGURA 14.-  Efecto de la inhibición de GSK-3β sobre la diferenciación celular en neuroesferas (NS). Las NS fueron tratadas 
con diferentes inhibidores de GSK-3β (10 μM) durante 7 días y pegadas sobre cristales para que diferenciasen durante 2 días.  A 
continuación se evaluó por inmunocitoquímica la expresión de β-tubulina (rojo) o GFAP (verde) en las NS. Los núcleos se 
tiñeron con DAPI (azul). Barra de calibración = 20 μm. 
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FIGURA 15.-  Efecto de la inhibición de GSK-3β sobre la diferenciación celular en neuroesferas (NS). Las neuroesferas fueron 
tratadas con diferentes inhibidores de GSK-3β (10 μM) durante 7 días y pegadas sobre cristales para que diferenciasen durante 
2 días.  A continuación se evaluó por inmunocitoquímica la expresión de β-tubulina (rojo) o GFAP (verde) en las NS. Los núcleos 
se tiñeron con DAPI (azul). Barra de calibración = 20 μm. 
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2.4.- Efecto de NP031112 sobre la proliferación celular en la ZSG del hipocampo. 
 Como se ha mostrado en los apartados anteriores, la inhibición de GSK3-β in vitro indujo 
la proliferación, migración y diferenciación celular in vitro de NS procedentes de hipocampo. Para 
determinar el efecto que dicha inhibición pudiera tener in vivo utilizamos uno de los inhibidores de 
esta enzima, NP03112, que es capaz de atravesar la barrera hematoencefálica. Este compuesto fue 
administrado mediante sonda intragástrica durante 7 o 14 días antes del sacrificio. Un día antes del 
sacrificio de los animales se les inyectó BrdU para medir las nuevas células generadas. El efecto de 
NP031112 sobre la proliferación celular en el giro dentado del hipocampo se estudió en secciones 
coronales teñidas con un anticuerpo anti-BrdU. Los resultados obtenidos mostraron un incremento 
significativo en el número de células marcadas en el giro dentado (GD, figura 16) de los animales 
tratados con NP031112. A los 7 días de tratamiento, los animales tratados tenían un 46 % mas de 
células BrdU positivas en el giro dentado del hipocampo que los animales controles tratados con 
vehículo (figura 16). Tras 14 días de tratamiento, el incremento de las células proliferando en los 
animales tratados (figura 16) era de un 57% más con respecto al control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 16.- Efecto de NP12 sobre la proliferación celular en el giro dentado (GD) del hipocampo. (A) Secciones coronales de 
animales control y tratados con NP12, que se tiñeron con un anticuerpo anti-BrdU y contratiñeron con hematoxilina. Las fotos 
ampliadas muestran con mas detalle la zona del GD. (B) Cuantificación del número de células BrdU positivas en el GD del 
hipocampo. Los valores representan la media ± ds correspondiente a cinco animales distintos. ***P<0.001. Barra de escala  = 
250 μm. Imágenes ampliadas = 100 μm. 
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2.5.- Efecto de la inhibición de GSK-3β sobre la migración celular en la ZSG del hipocampo.   
El estudio inmunohistoquímico se realizó en secciones coronales utilizando DCX y PSA-
NCAM. En el hipocampo, el tratamiento con NP031112 durante 7 días, claramente aumentaba el 
número de células que expresan DCX principalmente en el giro dentado, aunque también en otras 
capas del hipocampo como la CA1 y la CA3 (figura 17). Resultados similares se obtuvieron en los 
animales tratados durante 14 días (figura 17). Con respecto a PSA-NCAM, a los 7 y 14 días de 
tratamiento con NP12, se observó un aumento de su expresión en las células del giro dentado y de 
la CA3 (figura 18). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 17.-  Efecto del NP12 sobre la capacidad de migración de precursores neurales en el hipocampo. Se evaluó la expresión 
de DCX y de PSA-NCAM mediante tinción inmunohistoquímica en secciones coronales de hipocampo de animales control y 
animales tratados intragástricamente con NP12. Los imágenes a mas aumento muestran las zonas ampliadas del giro dentado 
(GD) y las capas CA1 y CA3 del hipocampo.  Barra de escala  = 250 μm. Imágenes ampliadas = 100 μm. 
 
 
 
 
 
 
 
Resultados 
 
72 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 18.-  Efecto del NP12 sobre la capacidad de migración de precursores neurales en el hipocampo. Se evaluó la expresión 
de DCX y de PSA-NCAM mediante tinción inmunohistoquímica en secciones coronales de hipocampo de animales control y 
animales tratados intragástricamente con NP12. Los imágenes a mas aumento muestran las zonas ampliadas del giro dentado 
(GD) y las capas CA1 y CA3 del hipocampo.  Barra de escala  = 250 μm. Imágenes ampliadas = 100 μm. 
 
 
 
 
3.-  EFECTO ANTIINFLAMATORIO, NEUROPROTECTOR Y ANTICONVULSIVO DE 
NP04634. 
 La desregulación de la homeostasis del calcio es un mecanismo fundamental en la 
neurotoxicidad excitatoria que a su vez esta implicada en diversas enfermedades 
neurodegenerativas (Sattler and Tymianski, 2000). El control del flujo de calcio a través de sus 
canales dependientes de voltaje puede ser considerado, por tanto,  una buena diana para el 
desarrollo de fármacos que puedan controlar el aumento intracelular del calcio, y por tanto prevenir 
la muerte neuronal. Por esta razón hemos estudiado el posible efecto neuroprotector del NP04634 
(figura 19), compuesto que en células cromafines bovinas ha demostrado ser un inhibidor de 
canales de Ca2+ dependientes de voltaje tipo no L (Valero et al., 2009).  
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FIGURA 19.- Estructura del compuesto NP04634. 
 
 
.1.-Efecto del NP04634 sobre la actividad convulsiva inducida por kainato. 
 Como se ha comentado en la introducción, la administración de kainato induce una 
secuencia de alteraciones del comportamiento que finalmente desemboca en un estado de 
convulsiones generalizadas o “status epilepticus” (SE) (Sperk, 1994). Tras la inyección 
intraperitoneal de KA, el 80% de los animales entraron en SE. Dicho porcentaje disminuyó hasta 
un 30% en aquellas ratas previamente tratadas con NP04634, tal y como se muestra en la figura 
20A. Además de disminuir el porcentaje de animales que entraron en SE, NP04634 incrementó el 
tiempo en el que los animales alcanzaban el SE, disminuyendo además la severidad de los ataques. 
El tiempo medio que tardaron las ratas inyectadas con kainato en entrar en SE fue de 84.6±10.5 
minutos (figura 20B), mientras que la latencia en el caso de animales tratados con NP04634 fue 
aproximadamente el doble (145.32±9.3 minutos ***p<0.001). Las ratas inyectadas con KA 
presentaron un número mayor de sacudidas, en comparación con los animales tratados con 
NP04634 (ver figura 20C). Finalmente, la mortalidad fue de aproximadamente el 25% en las ratas 
inyectadas solo con KA y que alcanzaron el SE, mientras que la mortalidad se redujo al 13% en 
aquellas tratadas con NP04634.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      La figura 20 continúa en la página siguiente. 
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FIGURA 20.- Efecto del NP04634 sobre la actividad convulsiva inducida por kainato. El NP04634 fue administrado 
intragástricamente 12 y 4 horas antes de la inyección intraperitoneal de kainato. (A) Porcentaje de ratas que entraron en estado 
epiléptico (SE). (B) Fases del estado convulsivo. *P<0.05, **P<0.01, ***P<0.001. (C) Número de “sacudidas de secado” previos a 
la entrada en SE. Los valores representan la media ± error estándar de al menos 7 animales por gurpo.  
 
 
 
3.2.- Efecto neuroprotector de NP04634 frente a daño cerebral inducido por kainato in vivo. 
Como consecuencia del estado epiléptico se produce un proceso neurodegenerativo en 
determinadas regiones del cerebro, especialmente en el hipocampo, donde las células piramidales 
de la capa CA3, las interneuronas del giro dentado y las células piramidales de la CA1 son las mas 
vulnerables (Coyle, 1983; Sperk et al., 1985; Tauck and Nadler, 1985). Dados los resultados 
obtenidos, estudiamos a continuación  la eficacia del compuesto NP04634 como agente 
neuroprotector frente a la neurodegeneración inducida por KA. Para ello evaluamos el daño en el 
hipocampo, 72h después de la inyección de KA, en animales controles e inyectados con NP04634 
que alcanzaron SE. La figura 21A muestra como el tratamiento previo con NP04634 resulta en una 
total protección de las neuronas del hipocampo, comparada con la pérdida neuronal abundante que 
se produce en las capas CA1, CA3 e hilus, tras la inyección de KA en los controles. El análisis 
cuantitativo de la integridad celular en dichas capas mostró una pérdida neuronal del 94% (CA1), 
87% (CA3) y 90% (hilus), al compararse con los animales control. No se observó una pérdida 
neuronal significativa en dichas capas en aquellos animales previamente tratados con NP04634. 
Este efecto neuroprotector del compuesto NP04634 se confirmó con la tinción con Fluoro-Jade B, 
que indica degeneración neuronal, (figura 21A) donde se observa una ausencia total de 
fluorescencia en las regiones CA1, CA3 e hilus del hipocampo en los animales tratados con el 
compuesto, de manera similar a lo que se observa en el grupo control. Por el contrario, los animales 
inyectados con KA (figura 21A, panel central) presentan una fuerte señal en dichas regiones, 
coincidiendo con aquellas zonas en las que se observaba una pérdida neuronal en la tinción de 
Nissl.  
 
 
Resultados 
 
75 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 21.- Efecto de NP04634 sobre la muerte neuronal inducida por kainato. (A) Secciones coronales de hipocampo de 
animales inyectados con vehículo, kainato o kainato-previo tratamiento con NP04634. Las muestras se tiñeron con violeta de 
cresilo (Nissl) o con Fluoro-Jade B.  (B) Cuantificación del daño celular en hilus y capas CA1 y CA3 del hipocampo. Los datos, 
normalizados con respecto al control se representan como la media ± ds (5 secciones / animal y 5 animales diferentes de los que 
entraron en SE). ***P<0.001 vs. control (inyectados con vehículo). Barra de escala = 10 μm. 
 
 
 
 
3.3.- Efecto anti-inflamatorio de NP04634 in vivo e in vitro. 
 Una de las acciones mas notables que tiene lugar en el hipocampo tras un daño 
excitotóxico es la consiguiente activación glial. 72 h después de la inyección con KA en el 
hipocampo puede observarse un incremento importante en la activación de astrocitos y microglía. 
La activación de los astrocitos se pone de manifiesto por el aumento en la expresión de GFAP en 
todas las regiones del hipocampo (figura 22A). Esta hiperactivación astroglial se manifiesta tanto 
por  un aumento considerable del número de células inmunoreactivas como por la intensidad de las 
mismas, tal y como puede observarse  en la figura 22B. 
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FIGURA 22.- Efecto del NP04634 sobre gliosis inducida por kainato. Secciones coronales de hipocampo de animales inyectados 
con vehículo, kainato o kainato-previo tratamiento con NP04634. (A) Expresión de GFAP marcando astroglía hiper-activada. 
(B) Cuantificación del número de astrocitos inmunoreactivos (IR) así como de la intensidad de marcaje en la capa molecular del 
hipocampo. (C) Expresión de CD11b (OX-42) para detectar microglía reactiva. (D) Cuantificación del número de microglía 
reactiva. Los valores representan la media ± ds  (5 secciones / animal y 5 animales diferentes). ***P<0.001. Los recuadros en A y 
C marcan la zona de la capa molecular ampliada que se muestra a continuación. Barra de escala = 250 μm. Ampliaciones = 25 
μm. 
 
Por el contrario, 72h después de la inyección de KA, aquellos animales pre-tratados con 
NP04634, mostraban una expresión de GFAP similar a la que se observaba en los animales control, 
presentando astrocitos con una morfología típica de células no activadas. Con respecto a las células 
microgliales, 72h después de la inyección de KA se produce una hiperactivación de las mismas, lo 
que se traduce en un aumento de la expresión de CD11b (OX-42), y por tanto de un aumento del 
número de células inmunoreactivas, sobre todo en la capa molecular del hipocampo (fig. 22C). 
También se producen cambios importantes en la morfología microglial, lo que incluye un aumento 
del tamaño de los cuerpos somáticos, así como un adelgazamiento y retracción de sus procesos 
celulares, características  propias de la microglía reactiva (Jorgensen et al., 1993; Ladeby et al., 
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2005). El tratamiento con NP04634 bloqueó completamente la activacion por KA de la microglia 
(Figura 22C y D).  
 Finalmente, con el fin de confirmar los resultados anti-inflamatorios obtenidos in vivo, 
estudiamos la implicación del NP04634 en la respuesta inflamatoria in vitro en cultivos primarios 
de astrocitos. Para ello evaluamos la producción por parte de estas células, previamente 
estimuladas con LPS, de sustancias neurotóxicas y de factores pro-inflamatorios, tales como COX-
2 o TNF-α (figura 23). El pre-tratamiento de los cultivos primarios de astrocitos con NP04634 
bloquea por completo la producción de dichos agente pro-inflamatorios tras su exposición a LPS, 
confirmándose el efecto anti-inflamatorio observado por este compuesto in vivo.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 23.- Efecto del NP04634 sobre la inducción por LPS de factores pro-inflamatorios en cultivos primarios de astrocitos. 
Los astrocitos se estimularon con LPS en ausencia o presencia de NP04634 para a continuación evaluar por inmufluorescencia la 
expresión de factores pro-inflamatorios: TNF-α y COX-2 (rojo). Los núcleos aparecen teñidos con DAPI (azul). La figura 
muestra los resultados representativos correspondientes a tres experimentos diferentes. Los valores representados bajo las 
imágenes corresponden a la media ± SD de tres experimentos diferentes y 5 campos independientes (>50 células/campo) por 
cultivo.  ***P<0.001. Barra de escala = 10 μm. 
 
 
4.- EFECTO NEUROPROTECTOR DE LOS INHIBIDORES DE  FOSFODIESTERASA-7.  
 La inhibición selectiva de la enzima fosfodiesterasa 7 (PDE7) se ha llevado a cabo 
mediante la utilización de una molécula heterocíclica denominada S14, sintetizada en el Instituto de 
Química Médica de Madrid (CSIC) y cuya estructura se representa en la figura 24. 
 
 
 
 
 
 
                                                           FIGURA 24.- Estructura del S14, inhibidor de PDE7. 
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4.1.- Expresión de PDE7. 
 Inicialmente analizamos la expresión de PDE7 en el sistema nervioso central de rata adulta. 
Mediante WB medimos los niveles de las dos isoformas de PDE7, PDE7A y PDE7B, encontrado 
que ambas se encontraban ampliamente distribuidas en el cerebro. Como puede observarse están 
presentes en corteza, hipocampo y estriado (figura 25). También se expresa en la línea celular de 
neuroblastoma humano SH-SY5Y. 
 
 
 
 
 
 
 
 
FIGURA 25.- Análisis por western blot y cuantificación de la expresión de PDE7A y PDE7B en diferentes zonas del cerebro: 
corteza (Cx), hipocampo (Hip) y estriado (St) y en la línea celular dopaminérgica SH-SY5Y.  
 
 
Tambien encontramos, mediante análisis inmunohistoquímico, que PDE7A y B se expresan 
en la SNpc (figura 26). Los niveles de PDE7A y B en este área son bajos en animales controles. 
Por el contrario, en los animales inyectados intracerebralmente con LPS la expresión de ambas 
isoformas aumentaba notablemente en la SNpc.  
 
         
         
 
 
 
 
 
 
 
 
 
FIGURA 26.- Expresión de PDE7A Y PDE7B en la parte 
compacta de la sustancia negra (SNpc) de ratas adultas. Se 
muestra también la expresión de ambas isoenzimas 72h después 
de inyectar LPS intracerebralmente en dicha región. Barra de 
escala = 25 μm. 
 
 
       
Por inmunocitoquimica confirmamos la expresión de PDE7A y B en células SH-SY5Y,  así 
como en cultivos primarios de células de mesencéfalo embrionario de rata (figura 27). El doble 
marcaje inmunocitoquímico realizado mostró como las células TH+ co-expresaban PDE7A y 
PDE7B. 
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FIGURA 27.- Análisis inmunocitoquímico de la expresión de PDE7A y PDE7B (verde) junto con tirosina-hidroxilasa (rojo) en 
cultivos embrionarios de mesencéfalo y en células SH-SY5Y. Los núcleos se tiñeron con DAPI (azul). Barras de escala = 10 μm.   
 
 
4.2.- La inhibición de PDE7 protege a las células SH-SY5Y frente al daño inducido por 6-
hidroxidopamina (6-OHDA).  
 La línea neuronal dopaminérgica humana SH-SY5Y se usa habitualmente como modelo 
experimental en estudios de neurodegeneración dopaminérgica empleándose 6-OHDA como 
agente neurotóxico. Como consecuencia de la toxicidad inducida por 6-OHDA se produce un 
aumento en la producción de lactato deshidrogenasa (LDH) así como un aumento de la cantidad de 
nitritos generados. S14 inhibe PDE7 con una IC50 de 5,5 μM, aunque también es capaz de inhibir 
PDE4, pero con una IC50 de 22μM, es decir, una capacidad inhibitoria cinco veces menos potente 
que la que ejerce sobre PDE7. Como controles usamos los inhibidores clásicos BRL50481 (BRL), 
inhibidor de PDE7 y Rolipram (Rol), inhibidor de PDE4.  
Nuestros resultados mostraron que el tratamiento con S14 prevenía la muerte neuronal 
producida por la 6-OHDA (figura 28A). Además, la incubación con S14 disminuyó los niveles de 
LDH hasta en un 50%, en comparación con los niveles detectados frente a la exposición con 6-
OHDA (figura 28B). Con respecto a los niveles de nitrito producidos, tal y como muestra la figura 
28C, el tratamiento con S14 disminuyó dichos niveles hasta casi niveles basales. Estos resultados 
sugieren que S14, a través de la inhibición de PDE7, protege a las células SH-SY5Y de la muerte 
inducida por 6-OHDA. Además S14 parecía contribuir a la reducción del estrés oxidativo inducido 
por 6-OHDA al reducir la producción de radicales libres.  
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FIGURA 28.- Efecto neuroprotector del S14 en cultivos de SH-SY5Y. Las células SH-SY5Y fueron expuestas a 6-
hidroxidopamina (6-OHDA, 35 μM) durante 16 h en presencia o ausencia de Rolipram (Rol, 30 μM), BRL50481 (BRL, 30 μM) o 
S14 (10 μM). (A) Ensayo de viabilidad celular por MTT. (B) Determinación de la actividad LDH. (C) Evaluación de los niveles 
de nitrito producidos (ensayo de Griess). Algunos de los cultivos fueron tratados con H89, inhibidor de la proteína quinasa A o 
con Rp-cAMP, antagonista de AMPc. Los valores representan la media±ds de tres experimentos independientes determinados 
por sextuplicado. ** P<0.01, *** P<0.001 en comparación con las células tratadas con 6-OHDA; ## P<0.01, ### P<0.001 en 
comparación con los valores obtenidos por cada tratamiento en ausencia de H89 o Rp-cAMP. (D) Niveles de apoptosis medidos 
por inmunodetección de caspasa-3 activa (verde) o Anexina V-FITC (verde). Se muestras imágenes representativas de al menos 
tres experimentos independientes. Los núcleos se tiñeron con DAPI (azul). Barra de escala = 10 μm. Se muestra también la 
cuantificación correspondiente al número de células inmunoreactivas para caspasa-3 activa y Anexina V-FITC. *** P<0.001 en 
comparación con las células tratadas con 6-OHDA. 
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Para completar estos resultados analizamos por inmunocitoquímica los niveles de los 
marcadores de apoptosis caspasa 3 activa y de Anexina V. Las fotografías de la figura 28D 
muestran que el 27% de las células SH-SY5Y, tras 16h de cultivo en presencia de 6-OHDA, eran 
positivas para caspasa 3 activa, y el 34% se teñian con Anexina V. El tratamiento con S14 revertía 
casi por completo este efecto, lo que indica que S14 es capaz de rescatar a las células SH-SY5Y de 
la apoptosis inducida por 6-OHDA. 
 
 
4.3.- Implicacion de la via AMPc-PKA en la acción neuroprotectora de S14 en células SH-
SY5Y.  
 Dado que el S14 es un inhibidor selectivo de PDE7, inicialmente evaluamos su efecto 
sobre los niveles de AMPc en las células SH-SY5Y. Tratamos por tanto los cultivos de SH-SY5Y 
durante 1h con S14 o con Rol y BRL y determinamos mediante ELISA la cantidad de AMPc en los 
cultivos (figura 29A). Nuestros resultados muestran que el tratamiento con S14 aumentaba los 
niveles de AMPc en cultivos celulares de SH-SY5Y (figura 29 A).  
 La diana intracelular mas común sobre la que actúa el AMPc, provocando múltiples 
acciones, es la Proteina Quinasa A (PKA) (Houslay and Kolch, 2000). No obstante el AMPc es 
también responsable de otras actividades que no están mediadas por esta quinasa (Charles et al., 
2003; Lastres-Becker et al., 2008). Por esta razón evaluamos si el efecto neuroprotector del S14, 
estaba mediado por PKA. Las células SH-SY5Y fueron tratadas con 6-OHDA, previa incubación 
con Rol, BRL o S14. Algunos cultivos fueron pre-tratados con H89, un inhibidor de PKA, o con 
Rp-cAMP, un analógo de AMPc que actúa como inhibidor competitivo de AMPc. El ensayo de 
supervivencia celular y citotoxicidad (figura 28A y B) mostró como la acción neuroprotectora que 
ejercía el S14 frente al daño con 6-OHDA disminuía en aquellos cultivos pre-tratados con los dos 
inhibidores, H-89 y Rp-cAMP. Resultados similares se obtuvieron al medir los niveles de nitrito 
producidos (figura 28C), lo que sugería que la ruta AMPc/PKA estaba mediando el efecto que el 
S14 tenía sobre las células SH-SY5Y. Con el fin de corroborar estos resultados, estudiamos el 
estado de fosforilación de la proteína CREB, una diana conocida de PKA (figura 29B). Como 
consecuencia del tratamiento con los inhibidores de PDEs se produjo un aumento en el contenido 
de CREB-fosforilada. Estos resultados están de acuerdo con la hipótesis de que la vía de 
señalización de S14 implica AMPc-PKA.  
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FIGURA 29.- Implicacion de la via AMPc-PKA en el efecto neuroprotector de S14 en cultivos de SH-SY5Y. (A) Niveles 
intracelulares de AMPc en células tratadas durante 1h con los compuestos indicados. **P<0.01; ***P<0.001 en comparación con 
las células basal (no tratadas). (B) Western blot representativo y cuantificación mostrando la fosforilación de CREB tras la 
incubación de los cultivos con 6-OHDA  en presencia o ausencia de los compestos indicados: Rolipram (Rol, 30 μM), BRL50481 
(BRL, 30 μM) o S14 (10 μM). El uso de un anticuerpo que no discrimina entre CREB y su forma fosforilada indica que los 
distintos tratamientos no afectaron los niveles totales de CREB. ***P<0.001 en comparación con las células basal; # P<0.05  ;## 
P<0.01, ### P<0.001 en comparación con los cultivos tratados con 6-OHDA. 
 
 
 
 
 
4.4.- La inhibición de PDE7 protege a los cultivos mesencefálicos embrionarios frente a la 
muerte celular  inducida por lipopolisacárido. 
 Visto los efectos neuroprotectores de S14 en SH-Y5Y nos propusimos a continuación 
estudiar su acción en un sistema más fisiológico como son los cultivos primarios procedentes de 
mesencéfalo embrionario de rata. Los cultivos mesencefálicos embrionarios, son ricos en neuronas 
dopaminérgicas y en células gliales (astrocitos y microglía) y por tanto sensibles al tratamiento con 
LPS, puesto que en su presencia las células gliales son sobreestimuladas y como consecuencia de 
ese estado de hiperactivación producen agentes pro-inflamatorios, lo que se traduce en una pérdida 
en la viabilidad neuronal (Chen et al., 2008). Lo que hicimos primero fue analizar si el tratamiento 
con S14 afectaba a la producción de dos de esos agentes pro-inflamatorios: TNF-α y COX-2. Para 
ello analizamos por doble inmunofluorescencia la co-expresión de marcadores gliales (GFAP para 
astrocitos y OX-42 para microglía) junto con TNF-α y COX-2 en cultivos mesencefálicos tratados 
con LPS o LPS+S14. 
 
Los resultados obtenidos se muestran en la figura 30. Como puede observarse LPS  induce 
la expresión de TNFα y COX-2 tanto en las células GFAP+ (astrocitos) como las OX-42+ 
(microglía) y el tratamiento con S14 bloquea casi por completo dicha inducción. La posterior 
cuantificación del número de células TNFα+ y COX-2+  (figura 31) muestra que el tratamiento con 
S14 reduce la expresión de ambos agente proinflamatorios en un 80% y un 72% respectivamente 
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FIGURA 31.- Efecto del S14 en la prevención 
de la inflamación inducida por LPS en 
cultivos mesencefálicos. Cuantificación del 
número de células inmunoreactivas (IR) para 
cada anticuerpo utilizado. Los valores 
representan la media de al menos tres 
experimentos distintos y 20 campos 
independientes (> 50 células /campo) por 
condición. ***P<0.001 en comparación con 
los cultivos tratados con LPS.  
FIGURA 30.- Efecto de S14 sobre la inflamación inducida por LPS en cultivos mesencefálicos. Los cultivos mesencefálicos 
embrionarios de rata se trataron con LPS (1 µg/ml) en presencia o ausencia de S14 (10 μM). (A) Expresión de TNF-a (verde) 
en astrocitos marcados con GFAP (rojo) y en microglía marcada con CD11b (OX-42, rojo). (B) Expresión de COX-2 (verde) 
en astrocitos marcados con GFAP (rojo) y en microglía marcada con CD11b (OX-42, rojo). Los núcleos se tiñeron con DAPI 
(azul). Barra de escala = 25 μm. 
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A continuación determinamos el efecto de S14 sobre la viabilidad de las neuronas 
dopaminérgicas de los cultivos mediante la cuantificación del número de células que expresaban 
tirosina hidroxilasa (TH). Tal y como se muestra en la figura 32A, el efecto del LPS se tradujo en 
una disminución del 42% en el número de neuronas TH-inmunoreactivas. El compuesto S14, 
añadido a estos cultivos, protegió de forma significativa frente a la toxicidad producida por LPS. 
También medimos la cantidad de nitritos liberados tras exponer los cultivos mesencefálicos a la 
acción citotóxica del LPS en presencia o ausencia de S14. Como puede observarse en la figura 
32B, LPS provoca un aumento en el contenido de nitritos. Este aumento se bloqueó completamente 
cuando los cultivos eran tratados con S14 e incluso se obtuvieron niveles más bajos en los cultivos 
tratados con S14 que en los controles (figura 32B).  Todos estos datos sugieren que la acción 
neuroprotectora del S14 podría deberse, al menos en parte, a un efecto anti-inflamatorio, puesto 
que inhibe la activación de las células gliales presentes en los cultivos, evitando la producción de 
agente pro-inflamatorios. Finalmente analizamos el posible efecto neuroprotector de S14 en la 
toxicidad inducida por 6-OH. Nuestros resultados muestran que esta toxina provoca la muerte del 
80% de las células dopaminérgicas (figura 32C). El tratamiento con S14 de los cultivos supuso un 
aumento considerable en la supervivencia de las neuronas TH+ frente al daño ocasionado por 6-
OHDA.  
 
4.5.- Efecto neuroprotector de la inhibición de PDE7 en un modelo animal de Parkinson. 
 A la vista de los resultados obtenidos in vitro, nos  propusimos a continuación ver si el S14 
ejercía los mismos efectos neuroprotectores en un modelo animal de Parkinson. El LPS inyectado 
en la subtantia nigra pars compacta (SNpc) en roedores, induce la pérdida de células 
dopaminérgicas así como la activación de la microglía colindante (Kim et al., 2000; McCoy et al., 
2006). Por tanto inyectamos unilateralmente en la SNpc de ratas adultas vehículo, LPS o una 
combinación de LPS con S14. Como control de la inhibición de PDE7, un grupo de animales 
fueron inyectados con LPS y BRL50481, un inhibidor comercial con capacidad de inhibir 
específicamente a este enzima. Al cabo de 72h de la inyección intracerebral, los animales fueron 
sacrificados. Para evaluar los efectos del S14 se llevó a cabo un estudio histológico con secciones 
coronales previamente tenidas con azul de toulidina. Los resultados obtenidos mostraron una 
pérdida neuronal relevante en la SNpc tras la inyección de LPS (85%), presumiblemente de 
neuronas dopaminérgicas (figura 33A). El tratamiento conjunto con S14, protegió notablemente a 
las neuronas del daño con LPS, como ilustra la figura 33, donde pudo observarse un abundante 
número de somas celulares, en una situación muy similar a la que se apreciaba en los animales 
control. Para corroborar nuestra hipótesis de que el S14 está protegiendo a las neuronas 
dopaminérgicas de la SNpc, realizamos una inmunotinción con un anticuerpo anti tirosina-
hidroxilasa (TH). La figura 33B muestra unos resultados similares a los observados con la tinción 
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histológica, es decir, una pérdida importante de neuronas TH+ a los 3 días tras la inyección con 
LPS. Dicha pérdida era mucho menos acusada, alrededor del 25%, en el caso de los animales 
tratados conjuntamente con S14. Estos resultados son concordantes con los resultados previamente 
obtenidos in vitro, reforzando la idea de que el S14 protege a las neuronas dopaminérgicas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURA 32.- Efecto neuroprotector de S14 en cultivos mesencefálicos. (A) Los cultivos se trataron con LPS (1 µg/ml) en 
presencia o ausencia de S14 (10 μM). La expresión de tirosina hidroxilasa (TH, rojo) y NeuN (verde) se evaluó por 
inmunofluorescencia usando anticuerpos específicos. Los núcleos se tiñeron con DAPI (azul). Barra de escala = 20 μm. A la 
derecha de las fotos se muestra la cuantificación del número de células inmunoreactivas (IR) para cada anticuerpo utilizado. Los 
valores representan la media de al menos tres experimentos distintos y 20 campos independientes (> 50 células /campo) por 
condición.*P<0.05; ***P<0.001 en comparación con los cultivos tratados con LPS. (B) Evaluación de la producción de nitritos  
mediante la reacción de Griess. Los valores representan la media ± ds de seis replicas en tres experimentos distintos.***P<0.001 
en comparación con los cultivos tratados con LPS. (C) Cultivos primarios procedentes de mesencéfalo embrionario tratados con 
6-OHDA en presencia o ausencia de S14. Se evaluó la expresión de TH por inmunofluorescenica y posteriormente se cuantificó, 
expresándose los resultados como la media ± ds de al menos tres experimentos distintos y 20 campos independientes (> 50 células 
/campo) por condición.***P<0.001 en comparación el tratado con 6-OHDA. 
 
Al igual que lo que ocurría in vitro, la inyección in vivo de LPS en la SNpc activó las 
células microgliales, mientras que la inyección de S14 bloqueó este efecto de LPS. Como puede 
observarse en la figura 34, no había prácticamente células OX-42+ en los animales control ni en el 
hemisferio contralateral de los animales inyectados con LPS. Sin embargo, el hemisferio 
inyectados con LPS mostraba una zona con una clara inmunoreactividad para OX-42. Este signo 
claro de microgliosis estaba prácticamente ausente en aquellos animales inyectados además de con 
LPS, con S14.  
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FIGURA 33.- Efecto neuroprotector de S14 en un modelo de Parkinson. Ratas adultas fueron inyectadas unilateralmente en la 
sustancia negra parte compacta (SNpc) con vehículo o LPS (10µg) sólo o combinado con S14 (20nmol) o con BRL50481 
(60nmol). A las 72h los cerebros fueron extraídos y secciones coronales analizadas por inmunohistoquímica. (A) Tinción con 
violeta de cresilo (Nissl) de la SNpc con la correspondiente cuantificación (B) Inmunohistoquímica que muestra la expresón de 
TH en la SNpc. A la derecha se muestra la cuantificación del número de neuronas dopaminérgicas. Barra de escala = 500 μm. En 
ambas figuras los recuadros muestran la zona de la SNpc ampliada. Barra de escala = 100 mm. Las cuantificaciones 
corresponden a la media ± ds de tres experimentos diferentes, con 4 animales por grupo experimental y cinco secciones 
independientes por animal, expresados como porcentaje relativo al grupo de animales control. ***P<0.001 en comparación con 
los animales tratados con LPS.  
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FIGURA 34.- Efecto antiinflamatorio de S14 en un modelo de Parkinson. Se inyectaron Ratas adultas unilateralmente en la 
substantia nigra pars compacta (SNpc) con vehículo o LPS (10µg) sólo o combinado con S14 (20nmol) o con BRL50481 (60nmol). 
A las 72h los cerebros fueron extraídos y secciones coronales analizadas por inmunohistoquímica que muestra la expresión de 
CD11b (OX-42) en la SNpc. A la derecha se muestra la cuantificación del número de células reactivas expresadas como la media 
± ds de tres experimentos diferentes, con 4 animales por grupo experimental y cinco secciones independientes por animal. 
***P<0.001 en comparación con los animales tratados con LPS. Barra de escala = 500 μm. Los recuadros muestran la zona de la 
SNpc ampliada a continuación. Barra de escala = 100 μm.  
 
El uso como control de otro inhibidor de PDE7, BRL50481 nos permitió comprobar que 
dicho inhibidor poseía un efecto neuroprotector y anti-inflamatorio similar al observado con el S14. 
Su inyección conjunta con LPS hacía que sólo disminuyera en un 20% el número de neuronas 
dopaminérgicas (figura 33B), valor significativamente inferior al 85% de pérdida neuronal 
dopaminérgica observada en los animales inyectados solo con LPS. Igualmente el BRL50481 
disminuía la hiperactivación de la microglía observada en el grupo de ratas tratadas con LPS 
(figura 34). Estos resultados refuerzan nuestra hipótesis de que PDE7 pudiera ser una excelente 
diana en el campo de la neuroprotección de neuronas dopaminérgicas.  
 
Finalmente analizamos desde un punto de vista del comportamiento el efecto 
neuroprotector de S14. Para ello realizamos un test de comportamiento rotacional tres semanas 
después de lesionar la SNpc con LPS. Para ello administramos a los animales apomorfina y 
analizamos el número de giros que realiza el animal. La apomorfina, al ser un agonista 
dopaminérgico, induce de manera contralateral un comportamiento rotatorio en los animales hemi-
parkinsonianos. Los animales lesionados, tras la inyección de apomorfina, comenzaron a realizar 
movimientos rotatorios, girando como mínimo 7 veces por minuto contralateralmente al hemisferio 
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lesionado (figura 35), en contraposición a la ausencia de vueltas de los animales control. Los 
animales inyectados con S14 solo realizaron un giro por minuto, lo que sugiere una elevada 
integridad de la SNpc. 
 
 
 
 
 
 
 
 
 
 
FIGURA 35.- Test de comportamiento rotacional. Ratas adultas fueron inyectadas 
unilateralmente en la substantia nigra pars compacta (SNpc) con vehículo o LPS (10μg) 
sólo o combinado con S14 (20nmol). Tres semanas después de la inyección a los 
animales se les indujo un comportamiento rotatorio mediante una inyección  con 
apomorfina. Los valores representan la media ± ds de tres experimentos diferentes, con 
12 animales/grupo experimental. ***P<0.001 en comparación con los animales 
inyectados con LPS.  
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1.- NEUROGÉNESIS  
La presencia en el cerebro adulto de células madres neurales, concretamente en la zona 
subventricular de los ventrículos laterales (ZSV) y en la zona subgranular del hipocampo (ZSG), 
está bien establecida. Sin embargo, nuestro conocimiento de los factores y mecanismos que 
promueven y regulan la proliferación, migración, diferenciación y supervivencia de dichas células 
madre es limitado. En este trabajo hemos analizado el papel que ejercen PPARγ y GSK3-β sobre la 
neurogénesis en ratas adultas, valorando su importancia como posibles dianas celulares en el 
tratamiento de enfermedades neurodegenerativas. Nuestros resultados muestran que ligandos 
capaces de activar PPARγ estimulan la neurogénesis en la zona subventricular e inhibidores de 
GSK3β estimulan la neurogénesis en la zona subgranular del giro dentado del hipocampo, 
sugiriendo que ambas dianas podrían jugar un papel importante en la expansión y diferenciación de 
estas poblaciones de células madres en el cerebro adulto. Esto sin duda es de gran interés clínico ya 
que podrían representar dos dianas terapéuticas importantes en procesos de reparación del daño 
neurológico donde se produce una gran pérdida de neuronas. 
  
1.1.- Efecto neurogénico de los ligandos de PPARγ. 
Nuestros estudios in vivo muestran claramente que la pioglitazona promueve en ratas 
adultas: 1) la proliferación de neuroblastos en la ZSV, 2) su migración a través de la CMR y 3) su 
diferenciación a neuronas granulares y periglomerulares en el BO. De forma congruente con estos 
estudios in vivo, hemos observado que tanto pioglitazona como rosiglitazona, promueven la 
expansión y diferenciación de células madre neurales en cultivo, puesto que aumentan la formación 
de neuroesferas primarias y secundarias. Confirmamos además in vitro que este efecto de 
pioglitazona y rosiglitazona está muy probablemente mediado por PPARγ, puesto que GW9662 y 
T0070907, dos inhibidores específicos de este receptor, consiguen bloquear el efecto de ambos 
ligandos.  Estos resultados son la primera demostración de que ligandos de PPARγ inducen 
neurogénesis en adultos, sugiriendo que este receptor podría ser una diana terapéutica importante 
en procesos de reparación del sistema nervioso. De interés es que la ZSV, donde se han estudiado 
estos efectos, es la mayor fuente de progenitores neurales que posee el cerebro adulto (Lois and 
Alvarez-Buylla, 1993; Morshead et al., 1994), los cuales migran hacia el bulbo olfatorio a través de 
la corriente migratoria rostral (CMR), donde diferencian a neuronas (Alvarez-Buylla and Garcia-
Verdugo, 2002; Doetsch et al., 1997; Gage, 2002; Garcia-Verdugo et al., 1998).  
La pioglitazona induce también la migración de células progenitoras de la ZSV. En los 
animales tratados con este ligando de PPARγ hemos observado más cadenas de neuroblastos, que 
se localizan en capas mas profundas de la ZSV, en el neuropilo. Las cadenas de neuroblastos 
observadas en los animales tratados presentan grandes espacios intercelulares, los cuales están 
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relacionados con las necesidades de movimiento de las células (Doetsch et al., 1997). Estos 
resultados son similares a los descritos por Doetsch et al. (2002), en ratones tratados con factor de 
crecimiento epidérmico (EGF) administrado intraventricularmente mediante una bomba osmótica. 
A pesar de que el EGF posee un efecto neurogénico más potente que  pioglitazona y rosiglitazona, 
los ligandos de PPARγ tendrían la ventaja de ser moléculas pequeñas, estables y que se pueden 
administrar por vía gástrica, ya que, por lo menos, pioglitazona es capaz de atravesar la barrera 
hematoencefálica. El aumento de células en fase de migración en los animales tratados con 
pioglitazona que sugieren estos resultados, se confirma por el elevado numero de células DCX+ que 
encontramos en la ZSV y de células PSA-NCAM+ que encontramos en la ZSV y CMR de los 
animales tratados. Ya hemos apuntado que las neuronas generadas en la ZSV migran a través de la 
CMR y se integran finalmente en el BO como interneuronas granulares y periglomerulares (Bayer, 
1983; Kaplan and Hinds, 1977; Pencea et al., 2001). Dado que el tratamiento con pioglitazona 
produce un aumento en la proliferación y migración celular seria de esperar también, si el proceso 
se completa de forma adecuada, un aumento de nuevas interneuronas en el BO de los animales 
tratados. Efectivamente nuestros resultados muestran que existe un aumento de células marcadas 
con NeuN y BrdU en la capa granular del BO. En este trabajo no hemos analizado las 
consecuencias funcionales del aumento de la neurogénesis en los animales inyectados con 
pioglitazona. Sin embargo, en base a los datos de la literatura científica, seria razonable suponer 
que el tratamiento con pioglitazona mejoraría la memoria olfativa. Se ha demostrado que la 
neurogénesis es esencial en el mantenimiento del número de neuronas del BO (Drapeau and Nora 
Abrous, 2008; Lazarini et al., 2009; Zhao et al., 2008), mejora los procesos de aprendizaje 
relacionados con el olfato (Romero-Grimaldi et al., 2006), regula la memoria olfativa a corto plazo 
en ratones adultos (Breton-Provencher et al., 2009; Kermen et al.; Rochefort et al., 2002; Sultan et 
al., 2010) y es fundamental para el reconocimiento parental de las crías (Mak and Weiss, 2010). 
Los resultados que hemos obtenidos in vitro confirman los resultados observados in vivo y 
sugieren claramente que dichos efectos podrían estar mediados de forma directa por el receptor 
PPARγ. Pioglitazona y rosiglitazona inducen proliferación, diferenciación y migración de células 
madre neurales en cultivo y dichos efectos se bloquean cuando además de con estos ligandos las 
células se incuban con los antagonistas de PPARγ, GW9662 y T0070907. De acuerdo con estos 
resultados hemos observado que los cultivos de células madre procedentes de la ZSV expresan 
PPARγ, al igual que la ZSV en animales adultos. Todo ello es compatible con la hipótesis de que 
las células madre tienen receptores PPARγ a través de los cuales se producirían los efectos 
observados. Es interesante en este sentido señalar que células madre neurales obtenidas de 
embriones transgénicos con un solo alelo de este receptor (PPARγ+/-), y por tanto con menor 
contenido del mismo, crecen de forma mucho mas lenta y con una morfología alterada (Wada et 
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al., 2006). Lo mismo se observa en células madre neurales en cultivo, al silenciar la expresión de 
PPARγ mediante el uso de lentivirus con RNA de interferencia para este factor de transcripción 
(Wada et al., 2006).  
La formación de neuroesferas secundarias permite evaluar el potencial expansivo y la 
capacidad autorrenovadora de las células madre, puesto que a partir de las células disociadas de una 
neurosfera primaria se pueden originar múltiples neurosferas secundarias sin perder su actividad 
proliferativa ni su potencial de generar los diversos tipos de células neurales. La propia formación 
de neuroesferas secundarias es un indicador de la división de las células madre neurales por 
autorrenovación. (Reynolds and Weiss, 1996). El incremento significativo observado en el número 
de neuroesferas secundarias formadas tras el tratamiento con pioglitazona y rosiglitazona sugiere 
que los ligandos de PPARγ estimulan la capacidad de división celular asimétrica o autorrenovadora 
de las células madre neurales, lo que conduce a su expansión.  
Las células madre neurales son capaces de diferenciarse a neuronas, astrocitos y 
oligodendrocitos (Gage, 2000; Temple, 2001). Nuestros resultados muestran cómo la activación de 
PPARγ induce la diferenciación de las células madre hacia neuronas y astrocitos. Esto contrasta 
con los estudios publicados por Wada y cols. (2006) donde observan que ligandos de PPARγ en 
cultivos de células madre neurales de origen embrionario estimulan la proliferación pero inhiben la 
diferenciación. Esta discrepancia podría deberse a razones metodológicas o a diferencias en las 
condiciones experimentales, puesto que este grupo utiliza neuroesferas procedentes de cerebros 
completos de embriones mientras que en este trabajo hemos utilizado neuroesferas aisladas de ZSV 
de ratas adultas. 
Nuestros resultados muestran también que pioglitazona y rosiglitazona promueven la 
migración de células madre neurales en cultivo. Cuando las condiciones experimentales cambian y 
se pasa de cultivos de neuroesferas en flotación a neuroesferas adheridas a sustrato, las células son 
capaces de migrar fuera de la neuroesfera (Ocbina et al., 2006). Nuestros resultados reflejan 
claramente como el tratamiento con ligandos de PPARγ aumenta el número de células que salen de 
la neurosfera y la distancia a la que se alejan, confirmándose los resultados que habíamos obtenido 
in vivo. Se observa una cierta tendencia por parte de las células a migrar de manera individual, en 
lugar de hacerlo formando cadenas como ocurre in vivo o tal y como han descrito otros autores en 
cultivo (Wichterle et al., 1997). Esta diferencia podría ser debida a las condiciones de cultivo 
utilizadas por Wichterle y col. y las que hemos utilizado en este trabajo.  
 En resumen nuestros resultados sugieren claramente que los ligandos de PPARγ, 
posiblemente por la activación de este receptor, son capaces de mantener la población de células 
madre neurales y de inducir la diferenciación y migración de estas células en la ZSV de animales 
adultos. Estos datos sugieren que el factor de transcripción PPARγ, podría representar una nueva 
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diana capaz de promover correctamente el proceso de neurogénesis, a través de su activación por 
diversos ligandos capaces de atravesar la barrera hematoencefálica, y por tanto con nuevas 
posibilidades terapéuticas en enfermedades del sistema nervioso central, como enfermedades 
neurodegenerativas, donde se produce una muerte neuronal masiva. Un hecho interesante a 
destacar es la capacidad de inducir migración por parte de estos ligandos, ya que cuando se produce 
un daño neuronal es importante no sólo que se produzcan nuevas neuronas capaces de reparar el 
daño, sino también que éstas sean capaces de migrar hacia el sitio dañado.  
 
1.2.- Efecto neurogénico de los inhibidores de GSK-3β. 
La ZSG es uno de los grandes nichos neurogénicos en el cerebro adulto (Altman and Das, 
1965; Kuhn et al., 1996) estimándose que unas 9000 nuevas células nacen diariamente en el 
hipocampo de rata (Cameron and McKay, 2001). Nuestros resultados muestran claramente que la 
administración in vivo de NP031112, un inhibidor de GSK3β, aumenta la proliferación celular en el 
hipocampo. Igualmente los experimentos realizados in vitro confirman que la inhibición de GSK3-
β promueve la expansión y mantenimiento de las células madre neurales procedentes de hipocampo 
aumentando el número y el tamaño de las neuroesferas formadas y la expresión de un marcador de 
proliferación como Ki67. La mayoría de las células  formadas en la ZSG migran una pequeña 
distancia hasta integrarse en la capa granular donde diferencian a neuronas granulares que 
proyectan sus axones hasta la región CA3 (Jessberger and Kempermann, 2003; Kempermann et al., 
2004, Toni, 2008 #1145; van Praag et al., 2002). La inhibición de GSK3-β, tal y como muestran 
nuestros resultados, promueve la migración celular en esta zona in vivo, y favorece, in vitro, el 
movimiento de las células fuera del núcleo de la neuroesfera, cuando se cultivan en condiciones de 
adherencia. En estas condiciones de adherencia la inhibición de GSK3-β también estimula la 
formación de nuevas neuronas puesto que incrementa el número de células positivas para β-
tubulina. Estos resultados sugieren que GSK3-β podría ser una diana terapéutica cuya inhibición 
promovería correctamente el proceso de neurogenesis lo que sin duda es de gran interés clínico en 
un contexto de daño cerebral de origen traumático o neurodegenerativo. 
Nuestros resultados mostrando un aumento de proliferación in vitro en presencia de 
inhibidores de GSK3-β están de acuerdo con datos previos que muestran la importancia de GSK3-β 
en el mantenimiento de las características de las células madre. La inhibición de GSK3-β mediante 
6-bromoindirubin-3'-oxime (BIO) mantiene la capacidad pluripotencial y favorece la auto-
renovación de las poblaciones de células madre embrionarias en humanos y roedores (Sato et al., 
2004; Storm et al., 2007; Tateishi et al., 2007). Otra manera de silenciar este enzima es mediante el 
uso de células madre embrionarias de ratón con el gen de GSK3-β truncado. En este sistema, la 
deleción de GSK-3β condujo a un aumento masivo en la expresión de fosfo-histona-3 y BrdU, 
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demostrando que la inactivación de GSK-3β  induce la proliferación de progenitores neurales 
(Doble and Woodgett, 2007; Kim et al., 2009b).  
Hasta el momento no había datos acerca del efecto de la inhibición de GSK3-β sobre 
precursores neurales del hipocampo, aunque es sabido que GSK-3β se expresa en el citoplasma, 
núcleo y mitocondria de las neuronas granulares del giro dentado del hipocampo (Bijur and Jope, 
2003; Hong et al., 2009). Nuestros resultados muestran que la inhibición de GSK3-β induce in vitro 
la proliferación y expansión de células madre neurales procedentes de hipocampo de animales 
adultos. Estos resultados en hipocampo concuerdan con los descritos por Maurer y cols. (2007) en 
neurosferas de la ZSV de ratas adultas. Dicho estudio muestra como la inactivación de GSK-3β, 
mediante el uso del inhibidor SB216763, aumenta la proliferación y neurogénesis en células madre 
neurales de esa región (Maurer et al., 2007). 
El posible papel de GSK3-β en la migración celular no se ha descrito en células madre 
neurales, existiendo tan sólo dos estudios que sugieren que la inhibición de GSK-3β aumenta la 
migración celular en cultivos de astrocitos (Etienne-Manneville and Hall, 2003) y de fibroblastos  
(Bianchi et al., 2005). El trabajo de Etienne-Manneville y cols. (2003) mostró que los niveles de 
GSK3-β fosforilado en serina 9 (GSK3-β inactiva) eran mucho mayores en aquellos astrocitos en 
migración. Confirmó además estos resultados mediante el uso de inhibidores como LiCl y 
SB216763, tratamientos que potenciaban la capacidad de migración de astrocitos. Por su parte 
Bianchi y cols (2005) silenciaron la expresión de GSK3-β mediante el uso de un RNA de 
interferencia, comprobando que dicha inactivación del enzima favorecía la capacidad migratoria de 
los fibroblastos. Nuestros resultados muestran por primera vez que la inhibición de GSK3-β induce 
la migración de precursores neurales del hipocampo fuera de la neuroesfera cuando esta se crece en 
adhesión.    
Con respecto al papel de GSK-3β en la diferenciación, se ha descrito que la inhibición de 
dicho enzima induce la diferenciación de precursores neuronales dopaminérgicos de mesencéfalo 
embrionario a neuronas dopaminérgicas adultas (Castelo-Branco et al., 2004). Lo mismo ocurre en 
cultivos de células del cerebelo, donde el tratamiento con cloruro de litio, inhibidor clásico de 
GSK-3, contribuye a la maduración de las neuronas granulares cerebelares (Lucas et al., 1998). 
Desde un abordaje experimental opuesto, los resultados son similares. Por ejemplo, Spittaels y cols. 
(2002) han demostrado que la sobreexpresión de GSK-3β en ratones transgénicos se correlaciona 
con una disminución del volumen cerebral, sobre todo en la región de la corteza, debido a una 
disminución de la población neuronal y alteraciones en la ramificación de las terminaciones 
nerviosas (Spittaels et al., 2002). Nuestros resultados siguen esta línea puesto que encontramos 
también que la inhibición de GSK-3β induce diferenciación de precursores neurales del 
hipocampo. Aún así existe cierta discrepancia con los resultados obtenidos en el grupo del Dr. 
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Doble, que describen como en células madre embrionarias de animales GSK3-β-/-, la ausencia del 
enzima produce una pérdida en la capacidad de diferenciación de estas células (Doble et al., 2007; 
Kim et al., 2009b), disminuyendo la capacidad neurogénica de las mismas, tal y como vieron al 
estudiar la expresión de marcadores como β-tubulina, MAP2, SMI32 y NeuN. Esta discrepancia 
podría deberse al sistema biológico estudiado, puesto que estos investigadores utilizan células 
madre embrionarias de corteza cerebral, procedentes de ratones con mutación doble, en el gen de 
GSK3-α y GSK3-β.    
En nuestro trabajo, la diferenciación inducida por la inhibición de GSK-3β que observamos 
es fundamentalmente hacia un linaje neuronal. Cabe recordar que los precursores neurales recién 
formados diferencian hacia un linaje neuronal o un linaje glial inmediatamente después de su 
formación (Steiner et al., 2004; Steiner et al., 2008). Por eso la diferenciación a un linaje u otro, es 
un proceso altamente sensible a cambios patológicos y fisiológicos. De hecho los procesos 
inflamatorios que suponen el elemento común en muchas enfermedades neurodegenerativas 
conducen a una mayor diferenciación hacia un fenotipo glial (Ekdahl et al., 2003; Monje et al., 
2003) en detrimento de un fenotipo neuronal. Se ha postulado que la neurogénesis adulta pueda ser 
un mecanismo compensatorio a la perdida neuronal en desordenes neurológicos o como 
consecuencia del envejecimiento. Esta afirmación viene avalada por el aumento de neurogénesis 
observada en algunas enfermedades neurodegenerativas (Curtis et al., 2003; Jin et al., 2006), 
incluida  la enfermedad de Alzheimer (Jin et al., 2004). Nuestros resultados mostrando que la 
inhibición de GSK-3β aumenta el potencial neurogénico en el hipocampo,  y promueve la 
diferenciación hacia un linaje neuronal sugieren que GSK-3β podría ser una diana terapéutica en 
enfermedades neurodegenerativas como el Alzheimer o la enfermedad de Parkinson. 
Finalmente experimentos in vivo confirman nuestros resultados in vitro. Hemos observado 
como la administración in vivo de un inhibidor de GSK-3β, NP031112, aumenta la proliferación 
celular en el giro dentado del hipocampo. Este aumento de la proliferación podría explicar el 
incremento en el número de  precursores celulares, tal y como se ha sugerido en otros estudios 
(Couillard-Despres et al., 2005; Kim et al., 2009a). Estos resultados, obtenidos con marcaje con 
BrdU, se ven confirmados por el aumento de células marcadas con DCX y PSA-NCAM. DCX se 
expresa transitoriamente en precursores neuronales y en neuronas inmaduras, por lo cual es 
utilizado habitualmente como marcador de neurogénesis (Brown et al., 2003). Además existe una 
relación directa entre aumento del número de células que expresan DCX con el incremento de la 
capacidad neurogénica en hipocampo (Couillard-Despres et al., 2005). PSA-NCAM, que se 
expresa en el hipocampo de roedores adultos, fundamentalmente en neuronas recién formadas de la 
capa granular (Seki and Arai, 1993), actua como regulador de la plasticidad neuronal y sináptica 
(revisado en Bonfanti, 2006; Gascon et al., 2007; Rutishauser, 2008). Nuestros resultados muestran 
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claramente que la inhibición de GSK-3β in vivo no solo produce un aumento de la proliferación 
celular en el giro dentado del hipocampo sino que además se observa un incremento del número de 
células DCX+  y PSA-NCAM+, lo que efectivamente sugiere que la administración oral del 
compuesto NP031112 es capaz de inducir neurogénesis en el hipocampo.  
El aumento del número de células PSA-NCAM inmunoreactivas en la capa granular del 
giro dentado del hipocampo es un hecho característico en modelos animales de daño cerebral 
(Emery et al., 2000), relacionándose el aumento de expresión de PSA-NCAM con un aumento en la 
plasticidad neuronal de la zona dañada, con un aumento en el número de neuronas regenerándose o 
bien con un aumento en el número de nuevas neuronas formadas. Por tanto el uso de NP031112 
como inhibidor de GSK-3β pudiera ser un agente eficaz como inductor de neurogénesis en aquellas 
enfermedades que, como el Alzheimer o Parkinson, cursan con una importante pérdida neuronal. 
Finalmente, no podemos descartar que lo efectos descritos para NP031112 in vivo puedan deberse 
también a mecanismos diferentes de la inhibición de GSK3-β, ya que nuestro laboratorio ha 
descrito que este compuesto es capaz de activar PPARγ (Luna-Medina et al., 2007). 
 
2.-  NEUROPROTECCIÓN.  
Las enfermedades neurodegenerativas se caracterizan por una pérdida gradual progresiva y 
selectiva de  neuronas. El deterioro funcional dependerá de las células que se pierden y del área 
afectada. En este trabajo hemos analizado el efecto neuroprotector de dos moléculas que actúan 
sobre dos dianas distintas, NP04634, un inhibidor novel de canales de calcio sensibles a voltaje 
(CCSVs) tipo no-L y S14, un nuevo inhibidor de fosfodiesterasa 7 (PDE7).  El posible efecto 
neuroprotector de cada uno de ellos se analizó en un modelo distinto de neurodegeneración. 
NP04634 en daño excitotóxico en hipocampo inducido por KA y S14 en daño inflamatorio en 
SNpc inducido por LPS. Nuestros resultados muestran que ambos compuestos tienen un potente 
efecto neuroprotector y antiinflamatorio sugiriendo que ambas dianas podrían ser relevantes para el 
desarrollo de nuevas estrategias terapéuticas. 
 
2.1.- Efecto neuroprotector de NP04634.  
 Los análisis de comportamiento muestran que NP04634 disminuye el porcentaje de 
animales que entran en status epilepticus (SE) tras la inyección de KA y aumenta el tiempo de 
latencia en aquellos animales que alcanzan dicho SE. Todo ello sugiere que este compuesto ejerce 
un efecto anticonvulsivo. El análisis histológico muestra que NP04634 previene en gran medida la 
muerte neuronal en las capas CA1 y CA3 del hipocampo producida como consecuencia de daño 
excitotóxico. También observamos una disminución de la inflamación en el hipocampo. 
Discusión 
 
 
98 
Finalmente, los resultados obtenidos en el estudio in vitro refuerzan estos resultados, ya que 
muestran un potente efecto anti-inflamatorio de NP04634 en cultivos primarios de astrocitos. 
Los CCSVs son la principal vía de entrada de calcio como consecuencia de la 
despolarización de la neurona por acción del glutamato, expresándose en el hipocampo los seis 
subtipos de CCSVs: L, N, P, Q, R y T (Lee et al., 2004; Leitch et al., 2009; Talley et al., 1999). 
Nosotros hemos utilizado el modelo animal de excitotoxicidad inducida por kainato puesto que 
estudios fisiológicos previos habían demostrado que los CCSVs, presentes en las células del 
hipocampo, aumentaban su actividad en las neuronas CA1 y células granulares del giro dentado en 
comparación con los animales control (Beck et al., 1998; Faas et al., 1996). En concreto en las 
neuronas CA1 esa actividad es debida fundamentalmente a los canales tipo P/Q, L y R. 
(Hendriksen et al., 1997). Nuestro trabajo se ha basado también en datos previos que demostraban 
la capacidad del compuesto NP04634 para inhibir los CCSVs en células cromafines. Según estos 
datos NP04634 tendría efectos citoprotectores en un modelo de citotoxicidad mediada por Ca2+ 
(Valero et al., 2009).  
Por otra parte la inyección de KA afecta particularmente al hipocampo puesto que esta 
zona del cerebro posee una alta concentración de receptores de kainato, por lo que el daño 
observado en este modelo experimental reproduce en parte las alteraciones características de la 
epilepsia del lóbulo temporal en humanos, debido a la entrada masiva de calcio, lo que contribuye a 
la aparición de daño neuronal (Pal et al., 1999; Sombati and Delorenzo, 1995; Sun et al., 2002). 
Puesto que la activación excesiva de los CCSVs es una vía importante de entrada de calcio y 
contribuye notablemente al daño excitotóxico (Verkhratsky, 2005), diversos estudios apuntan al 
uso de inhibidores de CCSVs en terapia anticonvulsiva y antiexcitotóxica. Por ejemplo, se ha 
descrito el efecto neuroprotector de toxinas bloqueantes de canales de tipo N y P/Q en modelos 
experimentales de daño isquémico (Asakura et al., 1997; Huang et al., 1997; Lee et al., 2004). 
Nuestros resultados muestran que la administración de NP04634 previa a la administración de KA 
tiene un claro efecto anticonvulsivo ya que reduce notablemente el número de “sacudidas de 
secado”, retrasa el tiempo necesario para alcanzar el SE y reduce claramente el número de animales 
que entran en SE. Los efectos del NP04634 que hemos descrito concuerdan con trabajos previos 
donde se muestran los efectos antiepilépticos de las sustancias que actúan como bloqueantes de los 
CCSVs neuronales, como es el caso del antiepilético lamotrigina, que inhibe los canales de tipo no 
L (Stefani et al., 1996), tal y como se ha propuesto para NP04634. Del mismo modo las toxinas que 
bloquean los canales de tipo N y P/Q previenen el desarrollo de epilepsia en modelos de 
estimulación eléctrica repetida (Gasior et al., 2007; Wang et al., 2007) y poseen efectos 
antiepilépticos en modelos animales de ataques inducidos por sonidos de alta intensidad (Jackson 
and Scheideler, 1996). Estos datos concuerdan con el hecho de que los canales de calcio sensibles a 
voltaje de tipo N y P/Q son muy abundantes en los terminales presinápticos (Sabria et al., 1995) y 
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que el calcio juega un papel importante en la liberación de neurotransmisores. Ya hemos apuntado 
con anterioridad que el calcio a altas concentraciones citosólicas es extremadamente tóxico para las 
células del SN (Choi, 1988; Doble, 1999; Meldrum and Garthwaite, 1990; Wang et al., 2005), 
razón por la cual aquellas moléculas con capacidad para bloquear los canales de calcio han sido 
objeto de estudio debido a su potencial neuroprotector. Los efectos farmacológicos de bloqueo de 
los CCSVs de tipo no-L se realizan en concreto mediante el uso de toxinas como la ω-agatoxina 
IVA para los estudios de canales P/Q y ω-conotoxina GVIA y ω-conotoxina MVIIA para canales 
tipo N. Sus efectos neuroprotectores han sido ampliamente estudiados en diferentes modelos 
animales de daño cerebral en los que esta implicado el glutamato, como la isquemia (Asakura et al., 
1997; Berman et al., 2000; Buchan et al., 1994; Lee et al., 2004; Samii et al., 1999; Valentino et al., 
1993; Yamada et al., 1994; Zhao et al., 1994). Sin embargo estos péptidos aunque son considerados 
bloqueantes selectivos de CCSVs, han resultado no ser tan específicos como se pensaba siendo 
además sus efectos de duración y eficacia limitada (Cohen & Kraus, 2004). Además de estas 
toxinas se han descrito también un pequeño número de bloqueantes de CCSVs neuronales mas 
adecuados para tratamiento oral. Estas moléculas, como el LY042826 y LY393615 (Hicks et al., 
2000) o el NNC 09-0026 y CNS 1237 (O'Neill et al., 1997) aunque han demostrado tener cierta 
capacidad neuroprotectora in vivo en diferentes modelos de isquemia cerebral son también menos 
específicas (Asakura et al., 2000; Hu et al., 1999; Huang et al., 1997; Menzler et al., 2000; 
Schelkun et al., 1999). Existe también cierta controversia con el uso de inhibidores de tipo L, 
puesto que los resultados obtenidos tanto en modelos experimentales como en ensayos clínicos 
parecen no ser muy homogéneos (Gotoh et al., 1986; Horn et al., 2001; Kawaguchi et al., 1999; 
Mohr et al., 1994; Roda et al., 995; Snape et al., 1993; Wahlgren et al., 1994 ; Clark et al., 1997, 
1999, 2001; Schabitz et al., 1996; Tazaki et al., 1988).  
La neuroinflamación, como ya hemos comentado, participa de forma notable como agente 
causal del daño neuronal que acontece en diversas patologías (Buffo et al.). En este sentido existen 
múltiples trabajos que asocian el daño causado por KA con una activación significativa de las 
células gliales lo cual conduce a una mayor muerte neuronal (Jung et al., 2006; Kawaguchi et al., 
2005; Rappold et al., 2006). Nuestros resultados muestran que las alteraciones morfológicas que 
sufren los astrocitos junto con el importante incremento en la expresión de GFAP, síntomas típicos 
de hiperactivación astroglial, se encuentran notablemente reducidos en aquellos animales tratados 
con NP04634. La microglía también se vé afectada como consecuencia de la acción del KA, 
activación que queda de igual modo bloqueada por acción del NP04634. Esa hiperactivación de las 
células gliales es fundamental en el desarrollo de la neurodegeneración del hipocampo inducida por 
KA puesto que inducen la expresión de genes proinflamatorios que contribuyen a la iniciación del 
proceso de degeneración neuronal. En este sentido el análisis in vitro del posible efecto 
antiinflamatorio de NP04634 muestra claramente que este compuesto, en células gliales, bloquea 
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directamente la activación de la cascada inflamatoria inducida por LPS. Esto se traduce en una 
disminución en la producción de TNF-α y COX-2, dos potentes agentes proinflamatorios, en 
cultivos primarios de astrocitos tratados con NP04634. Estos resultados concuerdan con los 
obtenidos previamente in vivo, indicando que la activación glial queda significativamente 
disminuida en los animales tratados con NP04634. Por tanto es evidente que NP04634 inhibe 
directamente la inducción de mediadores proinflamatorios en las células gliales. La regulación de 
los mediadores proinflamatorios se considera como un mecanismo clave en el control de la muerte 
celular. COX-2 esta implicado en la patogénesis de múltiples alteraciones neurológicas (Giovannini 
et al., 2003; Teismann et al., 2003), y el aumento de su expresión se ha asociado con isquemia y 
epilepsia (Minghetti, 2007; Nogawa et al., 1997; Oliveira et al., 2008). Otro de los factores 
proinflamatorios, TNF-α, se sobreexpresa en modelos experimentales basados en convulsiones 
(Vezzani et al., 2008). La disminución de la actividad proinflamatoria que induce el tratamiento 
con NP04634 se encuentra asociada a una importante disminución en la muerte de las neuronas de 
las capas CA1 y CA3 del hipocampo. Por el contrario, los animales inyectados con KA presentan 
una gran perdida neuronal en dicha zona. Por tanto la supresión por parte del NP04634 tanto de la 
expresión de COX-2 como de TNF-α en respuesta a un daño cerebral puede ser la responsable de 
la reducción en la pérdida neuronal del hipocampo observada in vivo. Estos resultados prueban que 
el compuesto NP04634 ejerce un potente efecto neuroprotector en un modelo establecido de daño 
excitotóxico inducido por KA. Resulta de interés el hecho de que la prevención de la muerte 
neuronal por parte de este compuesto se produce independientemente de si el animal alcanza el SE 
o no. Aunque se sabe que la pérdida neuronal es el resultado de la intensa actividad convulsiva 
producida, se ha descrito que los ataques breves pero intermitentes también inducen daño neuronal 
(Bengzon et al., 1997). A pesar de estos datos nosotros no observamos una pérdida neuronal 
significativa en el hipocampo de los animales tratados con NP04634 que han alcanzado el SE lo 
que sugiere que este compuesto actúa como un potente agente neuroprotector. 
Respecto al mecanismo de acción por el cual el compuesto NP04634 estaría ejerciendo su 
actividad, existen evidencias que sugieren que dicho compuesto pudiera actuar bloqueando los 
CCSVs de tipo no-L, aunque sería necesario realizar un estudio electrofisiológico en detalle. Por un 
lado, el compuesto NP04634 posee una gran capacidad para bloquear la entrada de calcio en 
experimentos de despolarización celular realizados en células cromafines bovinas (Valero et al., 
2009), células que comparten con las neuronas muchas características, como por ejemplo la 
expresión de los mismos CCSVs. En dichas células, los canales de calcio de tipo no-L constituyen 
la mayoría de los canales CCSVs, contribuyendo aproximadamente al 80% de las corrientes 
globales de calcio (Garcia et al., 2006), bloqueando el compuesto NP04634 a bajas concentraciones 
(<10 μM) fundamentalmente a los subtipos P/Q (Valero et al., 2009). Por otro lado nuestros 
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resultados demuestran una potente acción antiinflamatoria del compuesto NP04634, reduciendo 
notablemente la hiperactivación glial tanto in vivo como in vitro. Curiosamente este tipo de canales 
se encuentran en mayor grado en cultivos primarios de astrocitos (D'Ascenzo et al., 2004; Latour et 
al., 2003) siendo además el calcio uno de los principales mensajeros secundarios implicados en la 
producción de citoquinas en las células gliales (Hoffmann et al., 2003; Robbins et al., 1987).  
Nuestros resultados muestran que NP04634 posee un notable efecto anti-inflamatorio, 
neuroprotector y anti-convulsivo, en un modelo de daño cerebral excitotóxico inducido por KA. 
Además este compuesto es capaz de disminuir la inducción de agentes pro-inflamatorios tales 
como COX-2 y TNF-α en cultivos primarios de astrocitos tratados con LPS. Puesto que el 
NP04634 es un bloqueante eficaz de los CCSVs no de tipo L, resulta razonable especular que su 
acción estaá mediada por inhibición de este tipo de canales, aunque no nos es posible excluir la 
posibilidad de que NP04634 pueda actuar a través de algún otro mecanismo. NP04634 puede ser 
considerado por tanto como una nueva droga con acción antiinflamatoria, neuroprotectora y 
anticonvulsiva a tener en cuenta por su posible potencial terapéutico para el tratamiento de 
patologías relacionadas con excitotoxicidad por calcio, como es el caso de la epilepsia y otros 
desórdenes neurodegenerativos.  
 
2.2.- Efecto neuroprotector de la inhibición de fosfodiesterasa 7.  
 Nuestros resultados muestran claramente que la inhibición de PDE7 tiene un efecto 
neuroprotector en células dopaminérgicas tanto in vivo como in vitro. En el caso de los estudios in 
vitro hemos observado que la inhibición de PDE7 protege de la muerte inducida por 6-OHDA tanto 
en la línea neuronal dopaminérgica humana SH-SY5Y como en cultivos primarios de mesencéfalo 
embrionario. Además atenúa la producción de nitritos y la producción de agentes proinflamatorios. 
Estos resultados podrían ser de gran interés en relación con la enfermedad de Parkinson si tenemos 
en cuenta que el efecto neurotóxico de 6-OHDA, en modelos animales tanto in vitro como in vivo, 
comparte muchas similitudes con lo que se piensa que ocurre en las neuronas dopaminérgicas que 
degeneran en pacientes con Parkinson (Ouyang and Shen, 2006). En concreto 6-OHDA altera la 
actividad mitocondrial y aumenta la producción de especies reactivas de oxigeno que se consideran 
finalmente las causantes de la muerte de las células dopaminérgicas (Blum et al., 2001). Ya que 
S14 actúa como inhibidor de PDE7, hemos analizado los niveles de esta enzima en los sistemas que 
hemos utilizado tanto in vitro como in vivo.  Con respecto a la expresión de PDE7 en células SH-
SY5Y, es muy poco lo que se conoce hasta el momento. Sólo un trabajo, mediante PCR a tiempo 
real  ha descrito la presencia de RNA mensajero (mRNA) de PDE7 en estas células (Hoffmann et 
al., 1998). En este trabajo hemos mostrado que la proteína PDE7 esta presente en células SH-SY5Y 
y también en precursores dopaminérgicos embrionarios ya que hemos observado que, en cultivos 
de estas células, se coexpresa con tirosina-hidroxilasa (TH).  
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De acuerdo con la neuroprotección observada in vitro por S14 los resultados obtenidos en 
un modelo de Parkinson in vivo han demostrado que el tratamiento con el compuesto S14 protege 
notablemente de la degeneración neuronal dopaminérgica y reduce la activación glial. Estos efectos 
de S14 sobre la población de células dopaminérgicas y la disminución de los proceso inflamatorios 
se tradujo en una notable mejoría de la función motora de las ratas lesionadas tratadas con este 
compuesto.  
De igual manera que lo observado in vitro en cultivos de células, tanto en la línea celular 
SH-SY5Y como en cultivos mesencefálicos, hemos comprobado que PDE 7 se expresa en la SNpc, 
tal como sugieren nuestros estudios de inmunohistoquímica. Estos resultados confirman y amplían 
resultados previos que describían la presencia de la isoforma PDE7B por hibridación in situ en 
secciones de cerebro de rata (Reyes-Irisarri et al., 2005). Nuestros resultados describen por primera 
vez la presencia de proteína de las dos isoformas de PDE7 en la SNpc de rata. Además no solo 
demostramos que PDE7A y B estan presentes en la SNpc, sino que su expresión aumenta 
notablemente tras la inyección de LPS, sugiriendo que un aumento de la actividad de PDE7 podría 
ser un factor a considerar a la hora de entender como se produce el daño en las neuronas 
dopaminergicas. El hecho de que los inhibidores de PDE7 resulten tan eficaces en modelos de daño 
diferentes como los analizados in vivo e in vitro sugieren que PDE7 podría ser una diana muy 
importante de cara al desarrollo de nuevas terapias para EP.   
Con respecto al mecanismo de acción de S14, los resultados obtenidos en este trabajo 
demuestran que este compuesto ejerce su acción a través de la vía de señalización de AMPc /PKA. 
La incubación de células SH-SY5Y con S14 provoca un aumento en el contenido de AMPc 
intracelular. El AMPc es capaz de activar al menos tres vías distintas de señalización en las células. 
La primera que se caracterizó y la que más se ha estudiado es la vía de PKA, la cual conlleva la 
fosforilación de diferentes sustratos entre los que se encuentran varios factores de transcripción, 
fundamentalmente CREB. La segunda vía de señalización sería aquella por la que AMPc actúa 
sobre Epac, que a su vez activa a la GTPasa Rap-1 (Bos, 2003). Por último, AMPc sería capaz de 
activar Ras, gracias a la activación previa de CNrasGEF (Pham et al., 2000). Nuestros resultados 
mostrando que los inhibidores de PKA bloquean el efecto neuroprotector de S14 tanto en células 
SY5 como en cultivos mesencefálicos embrionarios estarían de acuerdo con la hipótesis de que esta 
vía es la utilizada por S14. El efecto neuroprotector que supone la inhibición de PDE7 concuerda 
con los resultados obtenidos por otros grupos en los que se describe como la activación de la vía de 
señalización de AMPc inhibe la muerte celular característica de algunas enfermedades 
neurodegenerativas, implicando a PKA en procesos de neuroprotección (Lee et al., 2005; Stetler et 
al.). Además la activación de PKA inducida por AMPc es fundamental para un desarrollo y 
funcionamiento adecuado de las neuronas (Song et al., 1997). Resulta interesante señalar el 
aumento generalizado de la muerte celular durante el desarrollo del SNC en los animales carentes 
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de CREB, lo cual también es patente durante el periodo postnatal, lo que favorece un incremento 
progresivo de la degeneración del SNC (Lonze et al., 2002; Mantamadiotis et al., 2002). Es 
importante mencionar también que la inhibición de la vía de señalización de AMPc se ha asociado 
con el desarrollo de la enfermedad de Alzheimer (Yamamoto-Sasaki et al., 1999) sugiriéndose que 
la reducción de los niveles de AMPc asociado a una disminución de la fosforilación de CREB, 
observado en cerebros humanos post-mortem, contribuye al mayor desarrollo de dicha enfermedad. 
En este sentido cabe recordar que la vía PKA/CREB  es de vital importancia en procesos 
relacionados con la memoria a largo plazo, y que el péptido precursor amiloide actúa directamente 
sobre esta ruta, disminuyendo los niveles de AMPc, inhibiendo PKA por tanto inhibiendo la 
fosforilación de CREB (Vitolo et al., 2002) Otras de las patologías asociadas a la inhibición de la 
via de AMPc es la enfermedad de Hungtinton, donde la disminución de los niveles de AMPc 
suprime la activación transcripcional dependiente de CREB, lo cual a su vez afecta a la 
supervivencia neuronal (Jiang et al., 2003; Nucifora et al., 2001; Shimohata et al., 2000). Nuestros 
resultados añaden nuevos datos importantes demostrando que el aumento de los niveles 
intracelulares de AMPc in vitro como consecuencia de la inhibición de PDE7 favorece la 
protección de las neuronas dopaminérgicas y ejerce una acción anti-inflamatoria, al igual que lo 
descrito en otros sistema celulares que revelan que un incremento en los niveles de AMPc como 
consecuencia de la inhibición de la actividad fosfodiesterasa aumenta la supervivencia de las 
neuronas motoras medulares (Hanson, 1998), regula la formación de mielina en oligodendrocitos 
(Bolton & Butt, 2006) y atenúa la activación de las células gliales (Zhang et al., 2002). Aunque 
nuestros datos indican que AMPc estaría activando PKA, no podemos descartar que otras vías de 
acción del AMPc hayan sido igualmente inhibidas y que también jueguen un papel importante en 
los procesos de neuroprotección observados.   
Hemos descrito también que el tratamiento in vitro con S14 de cultivos primarios 
embrionarios mesencefálicos disminuye significativamente los niveles de dos potentes agentes 
proinflamatorios, como TNF-α y COX-2. Durante los últimos años se ha descrito el papel que 
tienen los procesos neuroinflamatorios en la degeneración nigroestriatal, que constituye la base de 
la enfermedad de Parkinson. Ya hemos comentado que cuando las células gliales se activan liberan 
sustancias citotóxicas y agentes proinflamatorios que están directamente implicados en el 
desarrollo de múltiples patologías neurodegenerativas (Glass et al. 2010). Por tanto, controlando 
dichos procesos neuroinflamatorios podemos evitar el avance de la degeneración neuronal. De 
hecho estudios epidemiológicos han sugerido que el tratamiento crónico con antiinflamatorios no 
esteroideos puede proteger contra enfermedades neurodegenerativas como el Alzheimer y el 
Parkinson (Chen et al., 2003; Hald and Lotharius, 2005; Townsend and Pratico, 2005). En nuestro 
modelo in vivo de Parkinson, mediante la administración LPS, reproducimos al menos en parte los 
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procesos neuroinflamatorios que caracterizan esta enfermedad (Dutta et al., 2008; Kim et al., 2000; 
Liu et al., 2000) 
Finalmente, de acuerdo con el efecto neuroprotector descrito, la administración de S14 
reduce la perdida de neuronas dopaminérgicas de la SNpc de un 80 a un 20%, observándose 
además una clara mejoría de la actividad motora en las ratas inyectadas con S14. Las ratas que 
recibieron LPS sufrían una pérdida de un 80% en el número de neuronas TH-inmunoreactivas, 
acompañado de la aparición de alteraciones de la función motora. Esto es debido a que la lesión 
unilateral en la via dopaminérgica nigroestriatal produce un desequilibrio de dopamina entre la 
zona lesionada del estriado y la que no, por lo que el animal presenta un movimiento rotatorio hacia 
el lado lesionado (Anden et al., 1966; Ungerstedt and Arbuthnott, 1970). Al tratar a estos animales 
con un agonista de la dopamina, como la apomorfina, se induce un movimiento rotatorio 
contralateral a la zona lesionada (Schwarting and Huston, 1996). Este comportamiento rotatorio 
coincide con el daño a las neuronas dopaminérgicas en la SN y por tanto con la disminución de 
dopamina en el estriado (Toledo-Aral et al., 2002). Los resultados obtenidos en la prueba de 
comportamiento pusieron de manifiesto las diferencias significativas existentes entre los animales 
tratados y los inyectados con LPS, proporcionando el tratamiento con S14 una total protección 
frente al daño inducido como demuestra la ausencia de rotación en los animales tratados 
 
En resumen hemos demostrado que la inhibición de PDE7 protege a las neuronas 
dopaminérgicas de la muerte celular y evita una excesiva hiper activación de las células gliales en 
un modelo in vitro e in vivo  de enfermedad de Parkinson. El mecanismo celular por el cual estos 
efectos se estarían produciendo indica un incremento del AMPc intracelular, lo que activaría la vía 
de PKA/CREB. Estos resultados muestran por primera vez que la inhibición de PDE7 conduce a la 
protección neuronal dopaminérgica y por tanto podría considerarse como nueva diana terapéutica 
para enfermedades neurodegenerativas.   
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1. Los ligandos de PPARγ actúan como reguladores de la neurogénesis en el cerebro adulto, 
induciendo in vitro e in vivo la proliferación, migración y diferenciación de la población de células 
madre neurales en la zona subventricular. 
 
2. Esta acción se bloquea casi totalmente por dos inhibidores específicos de PPARγ, GW9662 y 
T0070907, sugiriendo que los ligandos de PPARγ actúan fundamentalmente a través de este 
receptor. 
 
3. La inhibición in vitro de GSK-3β en células madre neurales de ratas adultas tiene un potente 
efecto neurogénico, promoviendo la proliferación, migración y diferenciación a neuronas de estas 
poblaciones.  
 
4. Estudios in vivo muestran que el compuesto NP031112, inhibidor de GSK-3β, tiene efectos 
neurogénicos en induce migración en la zona subgranular del giro dentado.  
 
5. El inhibidor de canales de calcio dependiente de voltaje tipo no L, NP04634, tiene efectos 
antiinflamatorios, neuroprotectores y anticonvulsivos en un modelo in vivo de daño excitotóxico 
inducido por ácido kaínico. 
 
6. En cultivos primarios de astrocitos NP04634 inhibe la producción de agentes pro-inflamatorios 
inducida por LPS.  
 
7. La inhibición de PDE7 in vitro protege a las neuronas dopaminérgicas de la muerte celular 
inducida por diferentes sustancias citotóxicas, disminuyendo la activación de las células gliales y la 
producción, por tanto, de agentes proinflamatorios. Esta acción probablemente se realice a través 
de un mecanismo que implica la vía de AMPc-PKA. 
 
8. En estudios in vivo los inhibidores de PDE7, S14 y BRL, protegen a las neuronas 
dopaminérgicas de la SNpc del daño inducido por LPS, mejorando notablemente la respuesta 
motora de los animales lesionados.  
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Abstract
Background: Phosphodiesterase 7 plays a major role in down-regulation of protein kinase A activity by hydrolyzing cAMP in
many cell types. This cyclic nucleotide plays a key role in signal transduction in a wide variety of cellular responses. In the
brain, cAMP has been implicated in learning, memory processes and other brain functions.
Methodology/Principal Findings: Here we show a novel function of phosphodiesterase 7 inhibition on nigrostriatal
dopaminergic neuronal death. We found that S14, a heterocyclic small molecule inhibitor of phosphodiesterase 7, conferred
significant neuronal protection against different insults both in the human dopaminergic cell line SH-SY5Y and in primary
rat mesencephalic cultures. S14 treatment also reduced microglial activation, protected dopaminergic neurons and
improved motor function in the lipopolysaccharide rat model of Parkinson disease. Finally, S14 neuroprotective effects were
reversed by blocking the cAMP signaling pathways that operate through cAMP-dependent protein kinase A.
Conclusions/Significance: Our findings demonstrate that phosphodiesterase 7 inhibition can protect dopaminergic
neurons against different insults, and they provide support for the therapeutic potential of phosphodiesterase 7 inhibitors
in the treatment of neurodegenerative disorders, particularly Parkinson disease.
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Introduction
Parkinson disease (PD) is one of the most common progressive
neurodegenerative disorder, affecting around 1% of the elderly
population. Typical symptoms of this disease are muscle rigidity,
bradykinesia, resting tremor and postural instability. At the
cellular level, PD is characterized by the loss of dopamine-
containing neurons in the substantia nigra pars compacta (SNpc)
although neuropathology can extend into other brain regions [1].
The cell death leads to the loss of dopamine in areas where these
neurons project, causing the described symptoms. The main
known risk factor is age, however susceptibility genes including a-
synuclein, leucine rich repeat kinase 2 (LRRK-2), and glucocere-
brosidase (GBA) have shown that genetic predisposition is another
important causal factor in a 10% of diagnosed patients. There is
currently no cure and no effective disease-modifying therapy. The
dopamine replacement therapy in clinical use is only palliative;
leading to temporarily limited improvement of clinical symptoms,
and the chronic treatment with dopaminergic drugs have severe
side effects as bradykinesia. Consequently, new approaches to treat
Parkinson disease are needed to find disease’s modifying agents
that may delay or stop the neuronal death.
Neuroinflammation has been increasingly recognized as a
primary mechanism involved in PD pathogenesis [2,3]. Loss of
dopamine-producing neurons in PD is accompanied by
inflammation in surrounding support glial cells. Activation of
microglia has been demonstrated in SN and striatum from
postmortem PD brains and in PD animal models [4,5,6]. This
inflammatory state in glial cells leads to the production of toxic
substances, including cytokines such as IL-1b, IL-6, and TNF-a,
that further damage neurons, leading to a cycle of inflammatory
damage that ultimately worsens the progression of the disease.
New evidence in experimental animals indicates that blocking
the signaling pathways in glial cells responsible for turning
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on neurotoxic genes dramatically decreases damage to dopami-
nergic neurons. Unfortunately, current therapies do not address
this neuroinflammation problem, being focused on ameliorating
the symptoms of dopamine loss rather than on the underlying
causes of injury to dopaminergic neurons. Targeting the
signaling pathways in glial cells responsible for neuroinflamma-
tion represents a promising new therapeutic approach designed
to preserve remaining neurons in PD patients, thereby
extending the window of efficacy of existing symptomatic drugs
in order to better maintain quality of life. Given the evidence for
neuroinflammation in PD, agents with anti-inflammatory
effects have been investigated for their neuroprotective
potential [7].
Different studies have suggested that cyclic AMP (cAMP) levels
might play an important role in neuroprotection and in the
neuroinflammatory response [8,9] thus control of the levels of this
nucleotide could trigger the regulation of the pathological
neuroinflammatory process and, consequently, to delay the
progression of neurodegenerative disorders, such as PD. Intracel-
lular cAMP levels depend on one hand on their synthesis by
adenylyl cyclases and, on the other hand, on its degradation by
cyclic nucleotide 39, 59-phosphodiesterases (PDEs) [10,11]. Hence,
PDEs have recently emerged as important drug targets for
regulating several diseases [12].
The PDEs comprise a family of 21 members, which have been
so far classified into 11 groups, according to their sequence
homology, cellular distribution, and sensitivity to different PDE
inhibitors [11,12], being some of them expressed on central
nervous system [13]. PDE7 is a cAMP-specific PDE, which is
insensitive to a PDE4 inhibitor, Rolipram [10,11] and it has been
recently demonstrated that can be a target for the control of
neuroinflammation [14]. The PDE7 family is composed of two
genes, PDE7A and PDE7B. High mRNA concentrations of both
PDE7A and PDE7B are expressed in rat brain and in numerous
peripheral tissues, although the distribution of these enzymes at
the protein levels has not been reported. Within the brain PDE7A
mRNA is abundant in the olfactory bulb, hippocampus, and
several brain-stem nuclei [15]. The highest concentrations of
PDE7B transcripts in the brain are found in the cerebellum,
dentate gyrus of the hippocampus and striatum [16,17]. There is
very little information regarding the physiological functions
regulated by PDE7. It has been shown that PDE7 is involved in
pro-inflammatory processes and is necessary for the induction of
T-cell proliferation [18]. In addition, specific inhibitors of PDE7
have been recently reported as potential new drugs for the
treatment of brain diseases [19]. However, a detailed analysis of
the effect of these compounds on normal central nervous system
function as well as in pathological conditions have yet to be
described.
Several years ago, our research group was the first one in
reporting the first PDE7 selective inhibitors [20]. Since then, a lot
of efforts have been done to increase potency and selectivity of this
kind of compounds, conforming a great variety of diverse chemical
compounds with interesting pharmacological profiles [21]. We
have recently reported a new and diverse chemical family of PDE7
inhibitors, the quinazolines ones, discovered by using a ligand-
based virtual screening [22]. Moreover, the biological profile of
these new thioxoquinazolines showed that they are useful
compounds to decrease the inflammatory activation in a T-cell
line [23].
In the present study, we demonstrate for the first time, that
PDE7 inhibition enhances neuroprotection and diminishes
neuroinflammation in well-characterized cellular and animal
models of PD. In addition, treatment of adult rats with the blood
brain barrier permeable PDE7 inhibitor named S14 (Phenyl-2-
thioxo-(1H)-quinazolin-4-one, Figure 1) significantly protects
dopaminergic neurodegeneration and improves motor function
in LPS-lesioned animals. Lastly, we also show that its effects are
mediated by the cAMP/PKA signaling pathway. As such, these
findings identify PDE7 as a potential therapeutic target for the
treatment of Parkinson Disease.
Results
Expression of PDE7
We first analyzed whether PDE7 was expressed throughout the
central nervous system of the adult rat. As can be seen in
Figure 2A, significant levels of PDE7A and PDE7B were detected
in different brain regions including the striatum. In the case of the
SNpc, we found, by immunohistochemistry studies, that the levels
of PDE7A and PDE7B are low in the basal state. However, they
were notably increased after LPS injection (Figure 2B). These
results are of interest since these genes have been related to
inflammation [18]. Moreover, the increased observed after LPS
injury support our data showing an important role for PDE7
inhibitors as neuroprotective agents of dopaminergic neurons.
Additionally, both isoforms of PDE7 are expressed in the SH-
SY5Y neuroblastoma cell line and in primary rat mesencephalic
cultures (Fig. 2C). Besides, double immunocytochemistry studies
clearly show that TH positive cells expressed PDE7A and
PDE7B.
PDE7 inhibition protects neuronal SH-SY5Y cells from 6-
hydroxydopamine (6-OHDA)-induced death
The human dopaminergic neuronal cell line SH-SY5Y
possesses many qualities of substantia nigra neurons [24] and is
therefore widely used as a model to study the death of
dopaminergic neurons. Since S14 has been described as a PDE7
inhibitor, we first analyzed whether this compound could increase
cAMP levels on SH-SY5Y cells. To this end, cells were treated for
1 h with S14 and two well-known PDE4 and PDE7 inhibitors,
Rolipram and BRL50481, respectively, and cAMP levels were
analyzed by ELISA. Figure 3A shows that, as expected, Rolipram
and BRL50481, were able to elevate the levels of cAMP in these
cultures. Treatment with S14 also resulted in a significant increase
in the levels of cAMP. We next analyzed the phosphorylation state
Figure 1. Structure of the PDE7 inhibitor used in the
experiments, the quinazoline derivative S14.
doi:10.1371/journal.pone.0017240.g001
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of the cAMP response element-binding protein (CREB), a known target of
the cAMP/PKA signaling pathway. As shown in Figure 3B,
treatment of SH-SY5Y with Rolipram, BRL50481 or S14,
together with 6-OHDA, resulted in an increase of phosphorylated
CREB levels.
We then examined the effect of S14 on the cell death induced
by 6-OHDA exposure. As shown in Figure 3C, 6-OHDA
treatment resulted in a loss of viability, as assessed by a decline
in (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
(MTT) and a significant elevation in lactate dehydrogenase (LDH)
level (Fig. 3C), as compared with control untreated cells.
Incubation with the PDE7 inhibitor quinazoline compound S14
afforded significant protection against 6-OHDA-induced cell
death lowering elevated LDH levels by as much as 50% and
reversing the decline in MTT by 22%. This neuroprotective effect
was mimicked by BRL50481 and by Rolipram. S14 has an IC50
of 5.5 mM on PDE7A, five times more potent than its inhibition on
PDE4D (IC50= 22 mM) [22]. Quinazoline derivative S14 does
not inhibit PDE3 (3% of inhibition at 10 mM) therefore preventing
the compound from possible cardio toxic effects. Hence, the results
obtained here suggest that S14 protects the human dopaminergic
neuronal cell line SH-SY5Y from cell death through an inhibition
of the PDE7 enzyme.
Toxicity induced by 6-OHDA was also accompanied by an
increase in nitrite production (Fig. 3C, lower panel), and its
concentration was brought toward normality after S14 treatment,
indicating that this drug blocks 6-OHDA-induced oxidative stress,
which leads to free radical generation.
Activation of PKA by cAMP is required for S14-induced
neuroprotection of SH-SY5Y
The most common intracellular target of cAMP is PKA. PKA
activation is responsible for many of the actions attributed to
cAMP [25]. Nonetheless there are other effects of this nucleotide,
which are not mediated by PKA [26,27]. We therefore
investigated if PKA activation is required for the neuroprotective
actions of S14. To this end, SH-SY5Y exposed to 6-OHDA and
pretreated or not with Rolipram, BRL50481 or S14, were treated
with the PKA inhibitor H89 or the specific membrane-permeable
inhibitor of PKA activation adenosine 39,59-cyclic monopho-
sphorothioate Rp-isomer (Rp-cAMP). As shown in Figure 3C,
both compounds prevented the increase in cell viability and the
decrease in nitrite liberation elicited by the three PDE inhibitors,
suggesting that the cAMP/PKA pathway mediates their effects on
SH-SY5Y cells.
Lastly, apoptosis was determined by measuring the levels of
active caspase 3 and Annexin V analysis (Fig. 3D). Our results
indicate that 27% of the SH-SY5Y cell population was positive
for caspase 3 staining within 16 h after treatment with 6-OHDA
and that this effect was almost completely reversed by the
treatment with the S14 compound. Annexin V-FITC analysis
also showed a significant decrease in the number of apoptotic
cells in those cultures treated with S14 (Fig. 3D). These results
suggest that S14 is rescuing SH-SY5Y cells from 6-OHDA-
induced apoptosis.
PDE7 inhibition protects cultured primary mesencephalic
cells from lipopolysaccharide- and 6-OHDA-induced cell
death
We next examined whether PDE7 inhibition could also have
neuroprotective effects on primary ventral mesencephalic cultures.
These cultures are known to be vulnerable to LPS treatment,
resulting in a loss of neuronal viability [28]. The viability of
mesencephalic cell cultures, known to be rich in dopaminergic
neurons, was determined by quantifying tyrosine hydroxylase (TH)
immunoreactivity after exposure to LPS. Treatment with this
endotoxin decreased the number of TH+ cells by 42% (Fig. 4A).
S14 addition significantly preserved TH+ cells from LPS toxicity.
No significant difference in the number of DAPI-positive nuclei
was found among the treated cultures (data not shown). We also
analyzed whether S14 affected the LPS-induced expression of
TNF-a and COX-2, two well known proinflammatory agents. As
shown in Figure 4A, incubation of primary mesencephalic cultures
with S14 completely abrogated the induction of TNF-a and COX-
2 expression after LPS treatment, suggesting that the protection
observed by S14 could be exerted, at least in part, through an
effect upon inflammatory reaction of microglial cells present in the
cultures. These results were further corroborated by measuring
nitrite liberation to the culture medium (Fig. 4B). LPS treatment
resulted in an increase in the concentration of nitrites in the
cultures medium, which was significantly prevented by S14. In fact
the levels of nitrites in the S14-treated cultures were even lower
that those detected in control non-treated cells.
The neuroprotective effects of S14 were also tested after
exposure to the dopaminergic toxin 6-OHDA. As expected, 6-
OHDA significantly decreased TH-positive cells (80%) (Fig. 4C).
Addition of S14 to the cultures conferred a robust protection
against 6-OHDA-mediated cell loss.
Neuroprotective role of PDE7 inhibition in an in vivo
model of PD
Given the in vitro anti-inflammatory and neuroprotective effects
described above, we then assessed the efficacy of S14 in a well-
characterized rodent model of PD. LPS injection into the SNpc of
rodents induces dopaminergic cell loss and microglial activation
[29,30]. To this end, adult rats were injected unilaterally in the
SNpc with vehicle, LPS, or LPS plus S14 and were killed 72 h
after injection. Histological analysis were used to evaluate the
extend of dopaminergic cell loss and microglial activation in the
SNpc of the different groups of animals. A significant preservation
of dopaminergic neurons was found in S14-injected rats compared
with abundant dopaminergic neuron damage after injection with
LPS (Fig. 5). Quantitative studies showed a decrease of 85%,
compared with the vehicle-injected rats, in the number of
dopaminergic neurons in the SNpc after LPS injection. In
contrast, in the S14-treated group, only a moderate decrease
(25%) in dopaminergic cell number was observed 3 days after LPS
injection. These results extend the observations made in vitro and
suggest that treatment of LPS-injected animals with S14 results in
an almost complete prevention of dopaminergic injury. In
addition, we also analyzed the effect of BRL50481, a well
Figure 2. Western blot and immunocytochemical analysis of PDE7A and PDE7B. (A) Representative Western blot and quantification
analysis showing expression levels of PDE7A and PDE7B in different brain regions and in the dopaminergic cell line SH-SY5Y. Cx, cerebral cortex; Hip,
hippocampus; St, striatum. (B) Inmunohistochemical analysis of PDE7A and PDE7B expression in the substantia nigra pars compacta (SNpc) of adult
rats. Figure also shows the expression of both isoenzymes 72 h after lipopolysaccharide (LPS, 10 mg) injection in this area. Scale bar, 25 mm. (C)
Immunofluorescence analysis of PDE7A and PDE7B expression (green) and tyrosine hydroxylase (TH, red) in the dopaminergic cell line SH-SY5Y and in
primary mesencephalic cultures. Representative results of at least three independent experiments are shown. Scale bar, 10 mm. Nuclei were
counterstained with DAPI (blue).
doi:10.1371/journal.pone.0017240.g002
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characterized PDE7 inhibitor, on this same model of PD. Our
results showed that BRL50481 has similar neuroprotective and
anti-inflammatory effects as S14. Only a 20% decrease in the
number of dopaminergic neurons (Figure 5B) was observed in rats
injected with this compound, compared to 85% found in LPS-
treated animals.
One of the events that take place in the SNpc after LPS injury is
the activation of microglial cells, which is in part responsible for
the dopaminergic cell degeneration. Microglial cells (identified as
OX-42-positive cells) were very scarce in the contralateral part of
LPS-injected animals and in the SNpc of vehicle-injected animals
(Figure 6A). Seventy-two hours after LPS injection, a high OX-42
immunoreactive signal was clearly observed in the SNpc. This
strong microgliosis was completely absent in the animals treated
with the quinazoline PDE7 inhibitor S14. Also, BRL50481
treatment of LPS-injured rats completely abrogated the micro-
gliosis observed in the LPS-treated group (Figure 6A). Altogether,
these results reinforce our hypothesis that PDE7 could be an
important target for neuroprotection of dopaminergic neurons.
Finally we analyzed the effects of S14 treatment on rotational
behavior by assessing the behavioral changes in hemi-parkinsonian
rats. To this end, three weeks following LPS lesion rats were
injected with apomorphine, which is known to induce contralat-
eral rotational behavior in denervated animals. Figure 6B shows
that the LPS-treated rats exhibited 7 contralateral turns per
minute following an administration of apomorphine. Rats lesioned
with LPS and treated with S14 showed a significant improvement
(only 1 turn per minute) after apomorphine. Vehicle-treated
animals showed no contralateral rotational behavior. Immunohis-
tochemistry analysis also showed that, three weeks after LPS
administration, dopaminergic cell death was significantly attenu-
ated in the group treated with S14 (data not shown).
Discussion
In this study, we have demonstrated, for the first time, that
inhibition of PDE7 induces neuroprotection of human dopami-
nergic neuronal cells SH-SY5Y and of primary mesencephalic
cultures and attenuates the production of nitrites and proin-
flammatory agents. Our data also show that inhibition of PDE7
results in an inhibition of microglial activation and has
neuroprotective effects on the nigrostriatal system in an in vivo
model of PD. In addition, the neuroprotective effect of PDE7
inhibition appears to be mediated by the cAMP/PKA signaling
pathway. These results suggest that inhibition of PDE7 can
represent a new therapeutic approach for the treatment of PD and
other neurodegenerative disorders in which inflammation pro-
cesses are involved. Thus, PDE7 inhibitors may represent a new
generation of valuable drugs.
We initially analyzed the neuroprotective and anti-inflammato-
ry effects of the PDE7 inhibitor S14 in the human dopaminergic
cell line SH-SY5Y and in primary mesencephalic cultures. Human
neuroblastoma cells exposed to 6-OHDA are used as in vitro model
for PD, due to similar cellular processes that occur in the
degenerating dopaminergic neurons [31]. We show that S14
significantly attenuates 6-OHDA-induced neuronal cell death and
nitrite liberation in the SH-SY5Y neuronal cell line and in
mesencephalic cultures. These effects are accompanied by an
elevation of intracellular cAMP levels, indicating that also in
dopaminergic neurons the activity of PDE7 is important in
governing cellular cAMP concentration. The mechanism of action
of this compound seems to be the inhibition of the PDE7 enzyme,
the subsequent activation of the cAMP/PKA signaling pathway
and the activation of the transcription factor cAMP response
element-binding protein (CREB) by phosphorylation. It is known
that cAMP can activate at least three different signaling pathways
within cells. The first one to be characterized and the most
extensively studied rely on the activation of PKA, which then
phosphorylates different substrates including transcription factors
such as CREB. However, cAMP can also stimulate the guanine
nucleotide exchange protein Epac, which in turn activates the
GTPase Rap-1 [32]. Other pathway identified as activated by
cAMP includes another guanine nucleotide exchange protein
called CNrasGEF, which directly activates Ras [33]. Yet, our
results showing a reversion of the anti-inflammatory and
neuroprotective effects of S14 by both Rp-cAMP and H89 (a
specific inhibitor of PKA activation), support the notion that S14
specifically activates cAMP-dependent PKA activation.
These neuroprotective actions of PDE7 inhibition are in
accordance with previous findings showing that cAMP signaling
pathway might inhibit cell death in various neurodegenerative
disorders. Previous work has demonstrated a clear involvement of
PKA in neuroprotection [34,35]. Absence of CREB in developing
brain results in generalized cell death, whereas postnatal
disruption of this transcription factor triggers progressive neuro-
degeneration [36]. Also, it has been shown that CREB is necessary
for neuronal survival and axonal growth in different neuronal
populations [9]. Of note, inhibition of cAMP signaling pathway
has been suggested to contribute to Hungtinton disease pathology
[37,38,39]. Our results add new and important data establishing
that elevation of intracellular cAMP levels through inhibition of
PDE7 promotes protection of dopaminergic cells and has potent
anti-inflammatory effects.
To evaluate the translational relevance of the aforementioned
cellular effects, the anti-inflammatory and neuroprotective actions
of direct administration of S14 into the brain were assessed in a
classical rodent model of PD. Research in the last years has
unveiled an important role for neuroinflammation in the
degeneration of the nigrostriatal dopaminergic pathway that
constitutes the pathological basis of PD. Neuroinflammation is
characterized by the activation of glial cells that release various
cytotoxic substances, including pro-inflammatory cytokines, reac-
Figure 3. Effect of S14 on 6-OHDA-induced SH-SY5Y cell death. Cells were treated with Rolipram (30 mM), BRL50481 (BRL, 30 mM), or S14
(10 mM) as indicated in Methods. (A) Intracellular levels of cAMP in cells treated during 1 hr with the indicated compounds. **p,0.01; ***p,0.001
versus non-treated (basal) cells. (B) Representative Western blot showing phosphorylation of CREB after incubation of cells with 6-OHDA (35 mM) for
16 h in the presence or absence of the indicated compounds. A specific anti-phospho-CREB antibody was used. The use of an antiserum that does
not discriminate between CREB and phospho-CREB (bottom panel) indicates that the total levels of CREB are not affected by the treatments.
Quantification analysis are shown. ***p,0.001 versus non-treated (basal) cells; #p,0.05, ##p,0.01, ###p,0.001 versus 6-OHDA-treated cells. Rol,
Rolipram (C) Cell viability, cytotoxicity and nitrite production were measured as indicated in Methods. Some cultures were pretreated with the
protein kinase A inhibitor H89 or the cAMP antagonist Rp-cAMP. Values represent the mean 6 SD of six replications in three different experiments.
**p,0.01; ***p,0.001, versus 6-OHDA-treated cells; ##p,0.01, ###p,0.001 versus the values obtained in the absence of H89 or Rp-cAMP (D)
Apoptotic levels were determined by active caspase 3 (green) and Annexin V-FITC (green) immunodetection. Representative images of at least three
independent experiments are shown. Scale bar, 10 mm. Nuclei were counterstained with DAPI (blue). Quantification of active caspase 3 and Annexin
V-FITC-positive cells is shown. ***p,0.001 versus 6-OHDA-treated cells.
doi:10.1371/journal.pone.0017240.g003
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Figure 4. Effect of S14 on cell death and inflammation processes in mesencephalic cell cultures induced by incubation with LPS or
6-OHDA. (A) Rat primary mesencephalic cultures were treated with LPS (1 mg/ml) in the absence or presence of S14 (10 mM) and the expression of
TH, COX-2 and TNF-a was evaluated by immunofluorescence analysis using specific antibodies, as described in Methods. Representative results of
three independent experiments are shown. Scale bars, 20 mm. Nuclei were counterstained with DAPI. Quantification of the numbers of
immunoreactive cells was performed as described in Methods. Values represent the mean from three different experiments and twenty independent
fields ($50 cells/field) per culture. *p,0.05; ***p,0.001 versus LPS-treated cells. (B) Nitrite production was evaluated by the Griess reaction. Values
represent the mean 6 SD of six replications in three different experiments. ***p,0.001, versus LPS-treated cells (C) Rat primary mesencephalic
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tive oxygen species, and nitric oxide and sustained reactivity of
microglia is implicated in the pathology of many neurodegener-
ative disorders [40]. Inhibition of this process could then protect
against neurodegeneration and expansion of brain injury. This
view is further supported by epidemiologic data showing that long-
term treatment with non-steroidal anti-inflammatory drugs may
protect against Alzheimer disease and Parkinson disease
[41,42,43]. Administration of the bacterial endotoxin LPS in rats
induces a consistent glial activation and a subsequent dopaminer-
gic cell loss that parallels many aspects of PD [29,44,45]. Here, we
show that S14 has potent anti-inflammatory effects in vivo after
LPS injection in the SNpc. Our results indicate that this
compound significantly reduces the accumulation of reactive
microglia in the striatum of lesioned-rats. The underlying
mechanism of this anti-inflammatory effect of S14 may involve
the suppression of certain cytokines, e.g. TNF-a. Indeed our in vitro
results show that treatment of primary mesencephalic cultures with
S14 significantly decreased TNF-a and COX-2 levels, two potent
pro-inflammatory agents.
Besides this potent anti-inflammatory action of S14, the
administration of this compound also causes a significant
preservation of dopaminergic cells loss in the SNpc. PD is
characterized by selective degeneration of dopaminergic neurons
in the SN. Rats receiving LPS presented classic reductions in the
number of TH-immunoreactive cells, a marker of dopaminergic
cells in the SN. These animals also demonstrated motor function
deficits. A unilateral lesion in nigrostriatal dopaminergic pathway
produces an imbalance of dopamine between the lesioned and
unlesioned striatum leading to circle toward the side of the lesion
[46,47]. Treatment of the animals with a dopamine agonist such
as apomorphine leads to contralateral rotational behavior in
denervated animals [48]. This rotational behavior is consistent
with damage to dopaminergic neurons in the SN and the decrease
of dopamine in the striatum [49]. Behavioral assessment detected
significant differences between the LPS and control animals at 3
weeks after LPS administration. S14 administration provided
complete protection, as assessed by TH-positive cell number and
motor behavioral. We found that apomorphine-induced turning
behavior in the LPS-treated group was significantly inhibited by
S14 treatment. Overall, the LPS rats treated with S14 were
indistinguishable from controls.
In conclusion, here we have shown that inhibition of PDE7
hinders dopaminergic cell death and glial activation in an animal
model of PD. The mechanisms that underlie these effects appear
to be an elevation of intracellular cAMP, which acts via the PKA-
CREB pathway. These results show for the first time that
inhibition of the PDE7 enzyme leads to dopaminergic neuronal
protection and therefore its inhibitors may exert useful therapeutic
actions in patients with PD, a hypothesis that is amenable to
clinical testing.
Materials and Methods
Animal experiments
All procedures with animals were specifically approved by the
‘Ethics Committee for Animal Experimentation’ of the Instituto de
Investigaciones Biomedicas (CSIC-UAM), licence number SAF
2010/16365, and carried out in accordance with the protocols
issued which followed National (normative 1201/2005) and
International recommendations (normative 86/609 from the
European Communities Council). Adequate measures were taken
to minimize pain or discomfort of animals.
LPS injection in vivo
Adult male Wistar rats (8–12 weeks old) were used in this study.
The animals, divided into four groups, with at least six rats in each
group, were properly anaesthetized and placed in a stereotaxic
apparatus (Kopf Instruments, CA). LPS (10 mg in 2.5 ml PBS)
alone or in combination with S14 (20 nmol) or with BRL50481
(60 nmol) were injected into the right side of the SNpc
(coordinates from Bregma: posterior - 4.8 mm; lateral +
2.0 mm; ventral: +8.2 mm, according to the atlas of Paxinos
and Watson [50]). The dose of LPS was chosen based in previous
published data [29,30,51]. The amount of S14 injected was
calculated taking into account the distribution volume of this
cerebral area and the effective dose observed in the in vitro
experiments. Control animals of the same age were injected with
PBS. Rats were then housed individually to recover and sacrificed
72 h after lesioning.
Histology and Immunohistochemistry
Seventy-two hours after lesioning, the animals were anaesthe-
tized and perfused transcardially with a 4% paraformaldehyde
solution. The brains were removed, postfixed in the same solution
at 4uC overnight, cryoprotected, frozen, and 30 mm coronal
sections were obtained in a cryostat. Free-floating sections were
processed for cresyl violet (Nissl stain) or immunohistochemistry
using the diaminobenzidine method as previously described [52].
To detect PDE7 in SNpc, rabbit anti-PDE7A and goat anti-
PDE7B antibodies (Santa Cruz Biotech) were used. For immuno-
detection of activated glia and dopaminergic neurons, a mouse
anti-CD11b antibody (Serotec, Germany) and a rabbit anti-
tyrosine hydroxylase (Chemicon/Millipore, USA) antibody, re-
spectively, were used. After being dehydrated, cleared, and
mounted with DePeX (Serva, Heidelberg, Germany), samples
were examined with a Zeiss (Oberkochen, Germany) Axiophot
microscope, equipped with an Olympus DP-50 digital camera,
and a Leica (Nussloch, Germany) MZ6 modular stereomicroscope.
Four animals from each experimental group were analyzed.
Neuronal integrity and specifically dopaminergic cell death was
assessed by counting the percentage of Nissl-stained and TH+ cells,
respectively, in the SNpc in four well-defined high magnification
(x400) fields per animal, using a computer-assisted image analySIS
software (Soft Imaging System Corp). Microgliosis was quantified
similarly.
Behavioural testing. Apomorphine-induced rotational
behavioural test was performed 3 weeks following LPS lesioning
of the SNpc. Rats were given a subcutaneous injection of
apomorphine (0.5 mg/kg in saline), then placed individually in
plastic beakers and videotaped for 30 minutes. Analysis of
completed (360u) rotations was made offline and expressed as
number of turns per minute. Rats showing more than six turns per
minute were considered as properly lesioned. Three different
experiments with al least 12 animals/experimental group were
performed.
cultures were treated with 6-OHDA in the absence or presence of S14 and the expression of TH+ cells was evaluated by immunofluorescence analysis
using specific antibodies, as described in Methods. Representative results of three independent experiments are shown. Scale bars, 20 mm. Nuclei
were counterstained with DAPI. Quantification of the numbers of immunoreactive cells was performed as described in Methods. Values represent the
mean 6 SD from three different experiments and twenty independent fields ($50 cells/field) per culture. ***p,0.001 versus 6-OHDA-treated cells.
doi:10.1371/journal.pone.0017240.g004
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Mesencephalic cell cultures
Cultures were derived from the ventral mesencephalon of rat
embryos at embryonic day 14. Briefly, rats were killed by cervical
dislocation and embryonic sacs dissected and collected in ice-cold
HBSS medium (Ca2+ and Mg2+ free). Ventral mesencephalon was
isolated, gently minced and triturated with a micropipette in HBSS
medium. Then the supernatant was collected, and centrifuged at
1200 xg/5 min. The pellet was resuspended in culture media (MEM
supplemented with 10% FBS, 10% HS, glucose 1 g/l glutamine
2 mM, sodium pyruvate 1 mM, non-essential aminoacids 100 mM,
penicillin 50 U/ml and streptomycin 50 mg/ml), and cells seeded
onto 24-well plates (56105 cells/well) or 96-well plates (16105 cells/
well). After 1 week in culture, cells were treated with LPS (1 mg/ml)
[53,54,55] or 6-OHDA (35 mM, Sigma), alone or in combination
with S14 (10 mM). The effective dose of S14 was determined based
on previous studies on EC50 [22]. After 24 h, cultures were
processed for immunocytochemistry and nitrite determination.
SH-SY5Y cell culture
The human neuroblastoma SH-SY5Y cell line was obtained
from Sigma-Aldrich and propagated in F12 medium/EMEM
containing glutamine (2 mM), 1% of non-essential amino acids
and 15% of fetal bovine serum (FBS), under humidified 5% CO2
and 95% air. On attaining semiconfluence, cells were treated or
not with 6-OHDA (35 mM, Sigma) for 24 h. Some cultures were
pretreated for 1 h with S14 (10 mM), Rolipram (30 mM, Tocris
Bioscience) or BRL-50481 (30 mM, Tocris Bioscience). To analyze
the role of cAMP, some plates were also preincubated with the
PKA inhibitor H-89 (20 mM, BIOMOL Research Laboratories) or
the cAMP antagonist Rp-cAMP (100 mM, BIOMOL Research
Laboratories) for 24 h before the addition of the different
compounds. At different times after treatments, cells were
processed for western blot, cell viability assay, LDH measurement,
nitrites release, and immunocytochemical analysis.
Cell viability assay
Cell viability was measured using the MTT assay (Roche
Diagnostic, GmbH), based on the ability of viable cells to reduce
yellow MTT to blue formazan. Briefly, cells were cultured in 96-
well plates and treated with the indicated compounds for 16 h, then
cells were incubated with MTT (0.5 mg/ml, 4 h) and subsequently
solubilized in 10% SDS/0.01 M HCl for 12 h in the dark. The
extent of reduction of MTT was quantified by absorbance
measurement at 595 nm according to the manufacturer’s protocol.
LDH release assay
Cytotoxicity was assessed by measuring the levels of lactate
dehydrogenase (LDH) released into the culture medium 16 h after
the different treatments. LDH activity was measured using a
Cytotoxicity Detection kit (Roche Molecular Biochemicals, Indianap-
olis, IN, USA) and quantified by measuring absorbance at 490 nm.
Nitrites measurement
Accumulation of nitrites in media was assayed by the standard
Griess reaction. After stimulation of cells with the different
treatments for 16 hours, supernatants were collected and mixed
with an equal volume of Griess reagent (Sigma- Aldrich). Samples
were then incubated at room temperature for 15 minutes and
absorbance read using a plate reader at 492/540 nm.
cAMP assay
Quantification of cAMP was carried out using the EIA (enzyme
immunoassay) kit from GE Healthcare. Briefly, SH-SY5Y cells
were seeded at 36104/well in 96-well dishes and incubated
overnight before the assay. After 1 h incubation with S14,
Rolipram or BRL50481, cAMP intracellular levels were deter-
mined following the manufacture’s instructions.
Immunoblot analysis
Proteins were isolated from brain tissue or cell cultures by
standard methods. Some SH-SY5Y cultures were pre-treated with
Rolipram (30 mM), BRL50481 (BRL, 30 mM), or S14 (10 mM) for
1 h before 6-OHDA (35 mM) addition and kept in these conditions
for 16 h. A total amount of 30 mg of protein was loaded on a 10%
SDS-PAGE gel. After electrophoresis, proteins were transferred to
nitrocellulose membranes (Protran, Whatman, Dassel, Germany)
and blots were probed with the indicated primary antibodies, as
previously described [56]. The antibodies used were the following:
rabbit anti-PDE7A (1:1000, Santa Cruz Biotech., USA), goat anti-
PDE7B (1:1000; Santa Cruz Biotech., USA), mouse monoclonal
anti-a-tubulin (1:5000; Sigma), rabbit anti-p-CREB (1:1000; Cell
Signaling) and rabbit anti-CREB (1:1000; Cell Signaling). All
incubations with primary antibodies were carried out overnight,
with gently shaking at 4uC. Secondary peroxidase-conjugated
donkey anti-rabbit and rabbit anti-mouse antibodies were from
Amersham Biosciences (GE Healthcare, Buckinghamshire, En-
gland) and Jackson Immunoresearch, respectively. Secondary
antibodies incubations were done at room temperature for 1 hour.
Values in figures are the average of the quantification of at least
three independent experiments corresponding to three different
samples.
Immunocytochemistry
At the end of the treatment period, SH-SY5Y or primary
mesencephalic cultures, grown on glass cover-slips in 24-well cell
culture plates, were washed with PBS and fixed for 30 min with
4% paraformaldehyde at 25uC and permeabilized with 0.1%
Triton X-100 for 30 min at 37uC. After 1 h incubation with the
corresponding primary antibody, cells were washed with PBS and
incubated with an Alexa-labeled secondary antibody (Invitrogen,
San Diego, CA) for 45 min at 37uC. Images were acquired using a
Radiance 2100 confocal microscope (Bio-Rad, Hercules, CA),
with a 350 nm diode laser to excite DAPI (4,6,diamidino-2-
phenylindole) a 488-Argon laser to excite Alexa 488 and a 647
laser to excite Alexa 647. Confocal microscope settings were
adjusted to produce the optimum signal-to-noise ratio. To
compare fluorescence signals from different preparations, settings
were fixed for all samples within the same analysis. The following
antibodies were used: rabbit anti-PDE7A (Santa Cruz Biotech),
goat anti-PDE7B (Santa Cruz Biotech), goat anti-Cox-2 (Santa
Cruz Biotech), goat anti-TNFa (Santa Cruz Biotech), rabbit anti-
Figure 5. Effect of S14 on dopaminergic cell death in vivo. LPS (10 mg) or vehicle was injected unilaterally into the adult substantia nigra pars
compacta (SNpc) of adult rats. A group of animals also received S14 (20 nmol) or BRL50481 (BRL, 60 nmol) together with LPS. After 72 h the brains
were removed and tissue sections were processed for (A) Nissl staining to label neurons or (B) tyrosine hydroxylase (TH) immunoreactivity to label
dopaminergic neurons. Scale bars, 500 mm. Insets scale bars, 100 mm. Quantification of the numbers of neurons in A or TH-immunoreactive (IR) cells
in B is shown. Values represent the mean6 SD, expressed as a percentage of vehicle-treated animals, from three different experiments, four animals/
experiment/experimental group, and five independent sections per animal. ***p,0.001 versus LPS-treated animals.
doi:10.1371/journal.pone.0017240.g005
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Figure 6. Effect of S14 on in vivo inflammation and rotational behavior. Lipopolysaccharide (LPS, 10 mg) or vehicle was injected unilaterally
into the adult substantia nigra pars compacta (SNpc) of adult rats. A group of animals also received S14 (20 nmol) or BRL50481 (BRL, 60 nmol)
together with LPS. (A) After 72 h the brains were removed and tissue sections were processed for CD11b (OX-42) immunoreactivity lo label activated
microglia. Scale bars, 500 mm. Insets scale bars, 100 mm. Quantification of the reactive cells is expressed as the mean 6 SD, from three different
experiments, four animals/experiment/experimental group, and five independent sections per animal. ***p,0.001 versus LPS-treated animals. (B)
Behavioral analysis. Three weeks after treatment apomorphine-induced rotations were analyzed in control, LPS-injected, and LPS+S14-injected rats.
Values represent the means 6 SD from three different experiments. ***p,0.001, versus LPS-injected animals.
doi:10.1371/journal.pone.0017240.g006
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tyrosine hydroxylase (Chemicon/Millipore), mouse anti-tyrosine
hydroxilase (Sigma) and mouse anti-NeuN (Chemicon). For the
quantification of COX-2, TNF-a and TH immunoreactive cells,
the number of positive cells was quantified in 20 independent
random fields at x400 magnification.
Measurement of apoptosis. To calculate the extend of
apoptotic cell death, SH-SY5Y cells were treated or not with S14,
incubated with 6-OHDA for 16 h, and phosphatydilserine (PS)
exposure on the surface of apoptotic cells was detected by confocal
microscopy after staining with Annexin V-FITC (Bender
MedSystems, Vienna, Austria). Levels of active caspase-3 were
also determined using a specific rabbit anti-active caspase-3
antibody (R&D Systems). For the quantification of Annexin-V-
positive cells and active caspase-3 immunoreactive cells, the
number of positive cells was quantified as described above.
Statistics analysis
Statistical comparisons for significance among differents groups
of animals were performed by ANOVA followed by Newman-
Keuls’test for multiple comparisons. Student’s t-test was used to
analyze statistical differences between cells. Differences were
considered statistically significant at p,0.05.
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ABSTRACT
Peroxisome proliferator-activated receptor gamma (PPARg)
belongs to a family of ligand-activated nuclear receptors
and its ligands are known to control many physiological
and pathological situations. Its role in the central nervous
system has been under intense analysis during the last
years. Here we show a novel function for PPARg in control-
ling stem cell expansion in the adult mammalian brain.
Adult rats treated with pioglitazone, a speciﬁc ligand of
PPARg, had elevated numbers of proliferating progenitor
cells in the subventricular zone and the rostral migratory
stream. Electron microscopy analysis also showed impor-
tant changes in the subventricular zone ultrastructure of
pioglitazone-treated animals including an increased number
of migratory cell chains. These results were further con-
ﬁrmed in vitro. Neurosphere assays revealed signiﬁcant
increases in the number of neurosphere forming cells from
pioglitazone- and rosiglitazone (two speciﬁc ligands of
PPARg receptor)-treated cultures that exhibited enhanced
capacity for cell migration and differentiation. The effects
of pioglitazone were blocked by the PPARg receptor anta-
gonists GW9662 and T0070907, suggesting that its effects
are mediated by a mechanism dependent on PPARg activa-
tion. These results indicate for the ﬁrst time that activation
of PPARg receptor directly regulates proliferation, differen-
tiation, and migration of neural stem cells in vivo. VC 2010
Wiley-Liss, Inc.
INTRODUCTION
The ability of the adult central nervous system to pro-
duce new neurons is limited, rendering the brain partic-
ularly vulnerable to injury and disease. In mammals,
the majority of neurons are born by the prenatal period,
but it is well established that neurons continue to arise
in two niches of the adult brain, the subventricular zone
(SVZ) of the lateral ventricle and the subgranular zone
(SGZ) of the dentate gyrus (Gage et al., 1998; Luskin
et al., 1997). Progenitor cells in the SVZ migrate to the
olfactory bulb (OB) through the rostral migratory
stream (RMS) where they differentiate into granule
and periglomerular neurons. In the hippocampus, new
neurons arise in the subgranular zone of the dentate
gyrus. Both cell-extrinsic and cell-intrinsic factors have
been shown to inﬂuence the maintenance and regulation
of the neurogenic system in vivo (Ostenfeld and Svend-
sen, 2003). Among the extrinsic factors a number of
growth factors have been shown to affect the prolifera-
tion and differentiation of precursor cell populations,
including insulin-like growth factor-1 (Anderson et al.,
2002), epidermal growth factor (EGF) (Doetsch et al.,
2002), basic ﬁbroblast growth factor (bFGF) (Bartlett et
al., 1995; Johe et al., 1996), and other factors like the
brain-derived neurotrophic factor (Larsen et al., 2007)
and Noggin (Lim et al., 2000). Additionally, adult neuro-
genesis has also been shown to be inﬂuenced by the acti-
vation of several intrinsic transcription factors among
which are the transcription factors Pax 6 (Hack et al.,
2005; Kohwi et al., 2005), Notch 1 (Lutolf et al., 2002),
and Mash 1 (Parras et al., 2004).
Peroxisome proliferator-activated receptor gamma
(PPARg) is a member of the nuclear receptor family of
transcription factors, which includes different proteins
mediating ligand-dependent transcriptional activation
(Debril et al., 2001; Dreyer et al., 1992; Kliewer et al.,
1994; Michalik et al., 2006). PPARg participates in
many biological processes including adipocyte differen-
tiation, lipid and glucose homeostasis (Desvergne and
Wahli, 1999; Rosen and Spiegelman, 2001; Tontonoz et
al., 1994), and regulation of inﬂammatory responses
(Ricote et al., 1999; Szeles et al., 2007). Several natural
and synthetic ligands for PPARg have been described.
Among the natural ligands, polyunsaturated fatty acids
and some prostaglandins and leukotrienes have been
shown to be potent activators of this receptor (Forman
et al., 1995; Jiang et al., 1998; Paruchuri et al., 2008).
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Synthetic ligands include the antidiabetic thiazolidine-
diones (TZDs) such as troglitazone, pioglitazone, and
rosiglitazone (Blaschke et al., 2006; Desvergne and
Wahli, 1999; Rosen and Spiegelman, 2001) as well as
some new compounds, the aryl-tyorosine derivatives,
described as novel PPARg ligands (Brown et al., 1999).
Beyond these functions, recent data have shown that
PPARg acts as a regulator of central nervous system
inﬂammation (Heneka et al., 2005) and is a powerful
pharmacological target for counteracting neurodegenera-
tion, as shown in animal models (e.g. of Parkinson’s and
Alzheimer’s diseases) review in (Heneka and Landreth,
2007). In this context, data from animal experiments
strongly indicate that ligands of PPARg confer neuropro-
tection and neurological improvement following brain
injury (Abdelrahman et al., 2005; Bernardo et al., 2000;
Landreth and Heneka, 2001; Townsend and Pratico,
2005) and PPARg ligands, including the antidiabetic
thiazolidinediones (TZDs), have been implicated in anti-
inﬂammatory process in diverse tissues, including the
brain (Kielian and Drew, 2003; Ricote et al., 1999). Con-
sistent with this idea, we have recently demonstrated
that different members of the thiadiazolidinone (TDZD)
family (chemical structure-related derivatives to TZDs)
inhibited the activation of astrocytes and microglial cells
in vitro and are potent anti-inﬂammatory and neuropro-
tective agents against kainic acid-induced in vivo excito-
toxicity, through a mechanism apparently involv-
ing PPARg activation (Luna-Medina et al., 2005; Luna-
Medina et al., 2007b). We found a signiﬁcant preservation
of hippocampal cells in TDZD-injected rats compared
with abundant neuronal loss in CA1, CA3, and hilus after
injection with kainic acid (Luna-Medina et al., 2007b),
suggesting a possible neurogenic action of the TDZD com-
pound. Also, we have preliminary data showing that the
TDZD compound NP031112, a potent anti-inﬂammatory
and neuroprotective agent, which is currently under
Phase II clinical trial for the treatment of Alzheimer’s
disease, is a powerful inducer of neurogenesis in the two
neurogenic niches, subventricular zone and hippocampus,
of adult rats (Luna-Medina et al., 2007a).
On the basis of the previous evidence, in this study
we were interested in determining whether activation of
PPARg might have a role in the proliferation, differen-
tiation, and migration of neural progenitor cells. Our
studies showed that pioglitazone, a speciﬁc ligand of
PPARg, is a potent inducer of neuroblasts formation and
migration in the SVZ of adult rats. In vitro, PPARg
ligands increased the number, differentiation and migra-
tion capacity of adult rat neurospheres. Altogether, these
ﬁndings suggest that ligands of PPARg regulate neural
progenitor cell proliferation and migration and may
inﬂuence their differentiation in adult forebrain.
MATERIALS AND METHODS
Animals
All animal-related procedures were approved by the
Laboratory Animal Care and Use Committee of the Con-
sejo Superior de Investigaciones Cientıﬁcas and were
conducted in accordance with the guidelines of the Euro-
pean Communities Council, directive 86/609/EEC. All
efforts were made to minimize animal suffering and to
reduce the number of animals used. Adult (8–12 weeks
old) Wistar rats were used throughout the study.
Pioglitazone and Bromodeoxyuridine
Administration
Adult male Wistar rats (n 5 5 per group) housed in a
12-hour light-dark cycle animal facility received daily
intragastrical administration of pioglitazone (20 mg/kg
body weight) for three consecutive days. This dose of
pioglitazone was chosen because it has been shown to be
effective in vivo in different previously published works
(Breidert et al., 2002; Ji et al., 2009; Peiris et al., 2007;
Saitoh et al., 2007; Schmerbach et al., 2008). To label
the entire population of fast proliferating SVZ and RMS
cells, rats were intraperitoneally injected with 5-bromo-
2-deoxyuridine (BrdU, 50 mg/kg) 24 h or 21 days before
sacriﬁce.
Tissue Preparation, Histology, and
Immunohistochemistry
After treatment, the animals were anaesthetized and
perfused transcardially with 4% paraformaldehyde solu-
tion. The brains were removed, postﬁxed in the same
solution at 4C overnight, cryoprotected in the para-
formaldehyde solution containing 30% sucrose, frozen,
and 30 lm coronal and sagital sections were obtained in
a cryostat. Free ﬂoating sections were processed for
cresyl violet (Nissl stain) and immunohistochemistry
using immunoﬂuorescence analysis or diaminobenzidine
method as previously described (Luna-Medina et al.,
2007b). For BrdU detection, samples were ﬁrst incu-
bated with 2 M HCl for 30 min at 37 before blocking
1 h in PBS containing 5% normal serum, 0.1 M lysine,
and 0.1% Triton X-100. Sections were then incubated
with anti-BrdU mouse monoclonal (DAKO, Denmark)
and anti-neuN rabbit polyclonal (Chemicon) antibodies
at 4C overnight, washed three times and incubated
with AlexaFluor 488 and Alexa 647 secondary antibodies
for 1 h at room temperature. After rinses, sections were
mounted with Vectashield. Images were obtained using
a Radiance 2100 confocal microscope (Bio-Rad, Hercules,
CA) with a 488 laser line to excite Alexa-488 and a 647
laser line to excite Alexa-647. Confocal microscope set-
tings were adjusted to produce the optimum signal-to-
noise ratio. BrdU-positive cells were scored throughout
the entire SVZ and RMS. One section every 60 lm was
analyzed at high magniﬁcation (340). For the quantiﬁ-
cation of immunoreactive BrdU/NeuN cells in the olfac-
tory bulb, the number of positive cells was counted in
ﬁve independent random ﬁelds (3400 magniﬁcation), in
ﬁve different sagital sections per animal (n 5 5 ani-
mals). For doublecortin (DCX) and b-III-tubulin detec-
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tion ﬂoating sections were immersed in 3% H2O2 to
inactivate endogenous peroxidase, blocked for 2 h at
room temperature in 5% normal horse serum in PBS,
containing 4% bovine serum albumin, 0.1 M lysine, and
0.1% Triton X-100. Afterwards, the sections were incu-
bated overnight with anti-doublecortin goat (Santa
Cruz, CA), anti-PSA-NCAM mouse (Chemicon), and
anti- b-III-tubulin mouse (Sigma) antibodies. After
several rinses, sections were incubated for 1 h with the
corresponding biotinylated secondary antibody and then
processed following the avidin-biotin protocol (ABC,
Vectastain kit, Vector Labs). Tissues were then mounted
onto gelatin-coated slides, dried, dehydrated in xylene,
and mounted with DePeX (Serva, Heidelberg, Germany).
The slides were examined with a Zeiss Axiophot micro-
scope, equipped with an Olympus DP-50 digital camera,
and a Leica MZ6 modular stereomicroscope.
Electron Microscopy
Rats were deeply anesthetized and perfused trans-
cardially with 0.9% saline, followed by Karnovsky’s ﬁxa-
tive (2% paraformaldehyde, and 2.5% glutaraldehyde).
Brains were postﬁxed overnight in the same ﬁxative and
washed in 0.1 M phosphate buffer (PB). Coronal 200 lm
sections were cut on a vibratome. Sections were then
post-ﬁxed in 2% osmium for 2 h, rinsed, dehydrated and
ﬁnally embedded in Araldite (Durcupan ACM, Fluka,
Switzerland). Serial 1.5 lm semithin sections were cut
with a diamond knife and stained with 1% toluidine
blue to study the organization of the SVZ and RMS.
To identify the different individual cell types in the
SVZ, ultrathin (70 nm) sections were cut with a dia-
mond knife. Photomicrographs were obtained under a
Fei microscope (Tecnai-Spirit) using a digital camera
(Morada, Soft-imaging System).
Neurosphere Cultures
Neurosphere (NS) cultures were derived from adult
rats and induced to proliferate using established passag-
ing methods to achieve optimal cellular expansion
according to published protocols (Ferron et al., 2007).
Brieﬂy, rats were decapitated, brains removed and the
subventricular zone was dissected, minced and disso-
ciated with DMEM (Invitrogen) containing glutamine,
gentamicin, and fungizone. After treatment with tryp-
sin-EDTA, hialuronidase and DNAse, myelin was
removed by using DPBS (Invitrogen). Cells were seeded
into 6-well dishes and cultured in Dubecco’s Modiﬁed
Eagle’s Medium (DMEM)/F12 (1:1, Invitrogen) contain-
ing 10 ng/mL epidermal growth factor (EGF, Peprotech,
London, UK), 10 ng/mL ﬁbroblast growth factor (FGF,
Peprotech) and N2 medium (Gibco). After three days in
culture, some primary NS cultures were treated with
pioglitazone (5, 10, and 30 lM, Takeda Europe R&D
Centre Ltd., London, UK), rosiglitazone (5, 10 and
30 lM, Cayman, Ann Arbor, MI), or vehicle for another
seven days. Some cultures were pretreated for 30 min
with GW9662 (10 and 30 lM, Cayman) and T0070907
(25 and 50 lM, Cayman). These primary neurospheres
were then dissociated and replated in normal prolifera-
tive conditions for another seven to nine days to score
the number of secondary neurospheres generated. Six to
eight wells per condition tested were counted.
Protein Extraction and Western Blot Analysis
After sacriﬁce, brains were immediately dissected and
cortex, hippocampus and cerebellum isolated and frozen
on dry ice and stored at 280C until protein extraction.
For protein extraction, samples were homogenized in
ice-cold RIPA buffer and equal quantities of total protein
were separated by 10% SDS-PAGE. After electrophore-
sis, proteins were transferred to nitrocellulose mem-
branes (Protran, Whatman, Dassel, Germany) and blots
were probed with anti-PPARg (Santa Cruz, Santa Cruz,
CA) antibody. For each sample, the a-tubulin level
expression (Sigma) was determined as a loading control.
Growth and Proliferation Measurements
Primary and secondary NS cells were counted and
their size was analyzed using the Nikon Digital Sight,
SD-L1 (Nikon, Japan). Proliferation assays were carried
out by culturing whole primary NS, in the presence or
absence of the indicated stimuli, during 10 days. After-
wards they were plated onto poly-L-lysine coated cover-
slips for 24 h. Cells were then ﬁxed in cold methanol,
stained with anti-Ki67 antibody (Novo Castra Laborato-
ries, Newcastle, UK) and processed for immunocyto-
chemistry as previously described (Luna-Medina et al.,
2005).
Differentiation of NS Cultures
To determine the ability of rosiglitazone and pioglita-
zone to produce neurons, astrocytes or oligodendrocytes,
whole neurospheres from 10-day old cultures were
plated onto poly-L-lysine coated coverslips in the absence
of exogenous growth factors. Cells were allowed to
adhere for 24 h and ﬁxed using cold methanol. Cells
were then processed for immunocytochemistry.
Assay of Cell Migration
Single spheres were picked up with a pipette and
plated onto poly-L-lysine coated 35 mm dishes. At 48 h
post-plating, the outgrowth of the neurosphere cells was
examined under the phase contrast microscope, and the
images were acquired with a Nikon Digital Sight, SD-L1
software. The farthest distance of cell migration was
calculated from the edge of the sphere. At least 10 plated
neurospheres per situation were analyzed.
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Immunocytochemistry
Cells were processed for immunocytochemistry as pre-
viously described (Luna-Medina et al., 2005). Brieﬂy, at
the end of the treatment period, NS cultures were grown
on glass cover-slips in 24-well cell culture plates. Cul-
tures were then washed with phosphate-buffered-saline
(PBS) and ﬁxed for 30 min with 4% paraformaldehyde
at 25C, and permeabilized with 0.1% Triton X-100 for
30 min at 37C. After 1 h incubation with the corre-
sponding primary antibody, cells were washed with
phosphate-buffered-saline and incubated with an Alexa-
labeled secondary antibody (Molecular Probes; Leiden,
The Netherlands) for 45 min at 37C. Later on, images
were obtained using a Radiance 2100 confocal micro-
scope (Bio-Rad, Hercules, CA) as described for immuno-
histochemistry. Quantiﬁcation was undertaken using the
image analySIS software (Soft Imaging System Corp.,
M€unster, Germany) and normalized to total nuclei.
Primary antibodies were directed against the following:
Fig. 1. Pioglitazone action on proliferating cells in the subventricu-
lar zone (SVZ) and the rostral migratory stream (RMS). Representative
coronal sections showing Nissl staining and micrographs of BrdU-
labeled cells (green) and NeuN-stained cells (red) in the SVZ (A, B) and
in the RMS (C, D). Insets show higher magniﬁcations of representative
areas in the SVZ. (E, F) Quantiﬁcation of BrdU-positive cells from the
SVZ and RMS. Values are the mean 6 sd from ﬁve different animals.
*P  0.05. Scale bar in B, D: 200 lm; insets: 100 lm.
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MAP-2 (mouse; Sigma), GFAP (mouse; Sigma), active
caspase-3 (rabbit, R&D) and CNPase (mouse, Chemicon,
Temecula, CA). Dapi staining was used as a nuclear
marker. For quantiﬁcation of the number of cells produc-
ing a given marker, in any given experiment the number
of positive cells leaving the neurosphere body were then
counted. Cell numbers were estimated from a total of
six to eight neurospheres per condition over three
independent experiments.
Statistical Determinations
Data are given as the mean 6 SD. of at least ﬁve dif-
ferent animals per group. Comparisons of different
groups were performed using the Student’s t test with
P  0.05 being considered signiﬁcant.
RESULTS
Since pioglitazone is a speciﬁc ligand of the nuclear
receptor PPARg, we ﬁrst analyzed whether PPARg
was expressed in the adult brain, particularly in neuro-
genic areas. Western blot and immunohistochemistry
(Supp. Info. Fig. 1) analysis demonstrated that
PPARg was expressed throughout the central nervous
system of the adult rat. Interestingly, signiﬁcant levels
of PPARg protein were found in the two neurogenic
niches, the SVZ and the hippocampus. PPARgamma
expression was found in the SVZ as well as in the RMS.
PPARg is expressed at high levels in the RMS and
remains detectable in these cells as they migrate into
the OB.
Effect of Pioglitazone on Proliferation of Adult
Progenitor Cells In Vivo in the Subventricular
Zone and Rostral Migratory Stream
We ﬁrst analyzed whether pioglitazone affected the
proliferation kinetics of mitotically active progenitor
cells in the SVZ and RMS. For this in vivo study we
decided to use this PPARg ligand because of its well
known ability to cross the blood brain barrier. To this
end, rats were treated during three days with pioglita-
zone or vehicle followed by one BrdU injection 24 h
before sacriﬁce. Coronal sections were stained with cres-
syl violet (Nissl staining) or with speciﬁc anti-BrdU and
anti-NeuN antibodies (see Fig 1). Nissl staining showed
an increase in the size of the SVZ in animals treated
with pioglitazone (Fig. 1A, right panel), in comparison
with controls. No morphological alterations were
observed on the rest of the neuropil or in other cortical,
septal or striatal structures. Also a widespread distribu-
tion of the RMS was observed in pioglitazone-treated
animals (Fig. 1C, right panel). Twenty-four hours after
the BrdU injection there was a considerable increase in
the number of labeled cells both in the SVZ (Fig. 1B,
right panel) and RMS (Fig. 1D, right panel) of pioglita-
zone-treated rats relative to the vehicle-treated control
group SVZ (Fig 1B, left panel) and RMS (Fig 1D, left
panel). Pioglitazone treatment increased SVZ BrdU-
labeled cell numbers by about 35% above control values
(Fig. 1E). Similar results were obtained in the RMS
where a signiﬁcant increase in the number of BrdU cells
was found in pioglitazone-treated animals in comparison
with control ones (Fig. F). Besides a higher number of
proliferating cells in the RMS, we also found that pio-
glitazone-treated animals showed a widespread RMS
(Fig 1D, right panel), compared with control rats, in
which the RMS usually appeared as a dense cluster of
cells (Fig 1D, left panel).
To determine the cell types that were increased in the
RMS and the SVZ, rats were treated during three days
with pioglitazone or vehicle and sagittal or coronal brain
sections were stained for DCX. DCX is a microtubule-
associated protein, which is a valuable endogenous
marker for dividing neuroblasts and immature neurons
(Brown et al., 2003; Couillard-Despres et al., 2005). As
shown in Fig. 2A,B, pioglitazone treatment clearly
increases the number of DCX1 cells in the RMS (Fig.
2A), specially in some areas, such as the anterior arm or
the elbow (Fig. 2A, right panel). Similar results were
observed in the SVZ of pioglitazone-treated animals
(Fig. 2B, right panel) with an increase in the migrating
chain of cells. The pioglitazone-induced increase in the
number of neuroblast was further substantiated by
staining with PSA-NCAM, a marker of migrating neuro-
blasts (Fig. 2C). As happened with the number of DCX1
cells, animals treated with pioglitazone presented a
higher number of PSA-NCAM-stained cells in the RMS.
To characterize the cells marked in the SVZ, coronal
sections were stained with an speciﬁc anti-b tubulin anti-
body, a molecule present in the migrating neuronal pre-
cursors (Doetsch and Alvarez-Buylla, 1996). Our results
clearly showed an increase in b-tubulin staining in the
pioglitazone-treated animals (Fig. 2D, right panel).
Effect of Pioglitazone on Migrating Cells
and the Subventricular Zone
We then analyzed the morphological features of the
SVZ in the different groups of animals. To this end, we
performed light and electron microscopy (EM) analysis
on coronal sections of the ventricular lateral wall of the
SVZ. EM allows characterization and identiﬁcation of
SZV cell types through their speciﬁc ultrastructural
features, which have been well established in rodents
(Danilov et al., 2009; Doetsch et al., 1997).
Analyzing toluidine blue-stained semithin sections of
the SVZ of control animals, next to the ependymal lining
we found chains of neuroblasts (Fig. 3A). However,
pioglitazone-treated animals (Fig. 3B) displayed an
expanded SVZ, with an increased number of migrating
neuroblasts. These cell clusters were located deeply in
the neuropil.
EM analysis showed a typical SVZ structure in control
animals (Fig. 3C). Close to the ependymal cell lining, we
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found chains (Fig. 3C, pointed line) of migrating cells
(Type A). These cells were identiﬁed by their small size
and dark scanty cytoplasm. Astrocytes or type B cells
were identiﬁed as large, less electrodense cells, rich of
intermediate ﬁlaments. After pioglitazone treatment,
the SVZ showed several ultrastructural changes. First,
an increased number of neuroblasts were observed.
These neuroblasts, in comparison with control animals,
showed an irregular shape (Fig. 3D). Moreover, migrat-
ing cell chains were located deeper in the SVZ compared
with control rats. Additionally, intercellular spaces char-
acteristic of migrating neuroblasts were more prominent
in the pioglitazone-treated animals (Fig. 3F), compared
with controls (Fig. 3E). Signs of pathological events or
tumoral cells were also absent. Regarding the RMS,
migrating type A cells and astrocytes were observed in
control animals; these cells accumulated forming a typi-
cal dense cell mass (Fig. 3G). The RMS of pioglitazone-
treated animals (Fig. 3H) showed dispersed chains of
migrating neuroblasts, which tended to spread invading
a larger surface.
Effect of Pioglitazone on Newly Generated
Cells in the Olfactory Bulb
The neuronal differentiation of newborn cells in the
olfactory bulb was assessed using double immunoﬂuores-
cence labelling for BrdU and NeuN (postmitotic and
postmigrational neurons), 21 days after treatment with
pioglitazone and BrdU injection (see Fig. 4). At this time
most of BrdU-positive cells have reached the granule
cell layer via the RMS, and express a neuronal pheno-
type (Winner et al., 2002). The number of BrdU/NeuN-
Fig. 2. Effect of PPARg ligands on neural progenitor cells and their
migration in the SVZ and RMS. Representative immunohistochemical
images of DCX expression on sagital sections of RMS (A) and coronal
sections of SVZ (B) of control and pioglitazone-treated animals. Insets
show higher magniﬁcations of the elbow area of RMS (A) and the SVZ
(B). C: Representative immunohistochemical images of PSA-NCAM
expression on sagital sections of control and pioglitazone-treated ani-
mals. Insets show higher magniﬁcations of the elbow area of the RMS
(D) Representative coronal sections showing staining of the SVZ with
an speciﬁc anti-b tubulin antibody. Scale bar in A, B, C, D: 250 lm,
Insets: 25 lm. [Color ﬁgure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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positive cells in the granule cell layer was quantiﬁed as
described in Material and Methods. Our results showed
that after 21 days, there is a signiﬁcant increase in the
amount of newly generated neurons (BrdU/NeuN immu-
noreactive cells) in this area, in the animals treated
with pioglitazone (Fig. 4A,B). That means that pioglita-
zone increases the number of new neurons into the
olfactory bulb.
The PPARc Ligands Pioglitazone and
Rosiglitazone Control the Growth and
Survival of Neurospheres
As a step toward understanding the role of PPARg
ligands on neurogenesis, we used primary and second-
ary derived neural stem cells as a model system. These
studies allow us to better understand the mechanism by
Fig. 3. Effect of PPARg ligands on migrating
cells in the subventricular zone and the rostral
migratory stream. A: Toluidine blue-stained
semithin section of the SVZ of a control rat, with
dark round cells forming groups. B: The SVZ of
pioglitazone-treated rats displayed an increased
number of migrating neuroblasts clusters. C:
Ultrastructure of the SVZ of an untreated rat.
Close to the ependymal cell lining, chains of
migrating Type A cells (pointed line) showed a
dark scanty cytoplasm. Astrocytes (type B cells)
were large and less electron-dense and contained
abundant intermediate ﬁlaments. D: After piogli-
tazone treatment, the number of neuroblasts
increased and they showed an irregular shape.
Migrating cell chains (pointed line) were deeper
located in the SVZ compared with control rats.
E: Migrating neuroblasts typically displayed
intercellular spaces (arrows), indicative of cell
movement, in untreated rats. F: In pioglitazone-
treated mice, intercellular spaces were more
prominent than in control animals (arrows). G:
Rostral migratory stream of a control animal.
Migrating cells and astrocytes accumulate form-
ing a dense cell mass. H: The rostral migratory
stream of pioglitazone-treated mice showed a
larger size, with an increased cell number. Scale
bar in (A, B) 20 lm; (C, D) 10 lm; (E, F) 2 lm;
(G,H) 50 lm. LV, lateral ventricle. [Color ﬁgure
can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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which pioglitazone acts as a neurogenic agent and the
possible involvement of the nuclear receptor PPARg.
Primary neurospheres were obtained from adult rats
and maintained and expanded as described in Materials
and Methods. We ﬁrst analyzed by Western blotting
whether PPARg was expressed in the neurosphere cul-
tures. As shown in Fig. 5A, PPARg was notably
expressed in NS, regardless of their differentiation state.
Next, we investigated whether addition of pioglitazone
and rosiglitazone, another well-known and potent
PPARg ligand, to the medium of growing NS would
increase their rate of formation and/or their size. To that
point, different concentrations of pioglitazone and rosi-
glitazone on primary NS were used (Fig. 5C).
After 10 days of growth in suspension, there was a
signiﬁcant increase in both the number and diameter of
primary NS growing in the presence of both ligands
(Fig. 5B,C). Consistent with a role in stem cell regula-
tion suggested by the in vivo experiments, pioglitazone-
and rosiglitazone-treated NS exhibited an enhanced
self-renewal capacity. Primary spheres derived from pio-
glitazone- and rosiglitazone-treated progenitors formed
‘‘secondary’’ NS when dissociated and replated (Fig. 5C),
indicating self-renewal capacity. Speciﬁcally, neonatal
pioglitazone- and rosiglitazone-treated primary NS
produced respectively 341 6 15.7 and 336 6 12.2 sec-
ondary NS, while non-treated neurospheres only pro-
duced 210 6 10.5 secondary neurospheres. Treatment of
Fig. 4. Effect of PPARg ligands on newly generated neurons in the olfactory bulb. A: Sagital sec-
tions showing the granule cell layer (GCL) of the olfactory bulb stained with BrdU (green) and NeuN
(red). B: Quantiﬁcation of the number of BrdU/NeuN double stained cells into the GCL. Values are
the mean 6 SD from ﬁve different animals. ***P  0.001. Scale bar in A 100 lm; insets: 20 lm.
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neurosphere cultures with pioglitazone or rosiglita-
zone did not alter cell viability, as measured by active
caspase-3 staining (Supp. Info. Fig. 2).
Next, we tested the possible implication of the PPARg
receptor in the observed effect of pioglitazone and rosi-
glitazone. To this end we analyzed whether the speciﬁc
PPARg antagonists GW9662 and T0070907 impaired the
action of the drugs. As shown in Fig. 5B,C, treatment of
primary NS with these antagonists signiﬁcantly inhib-
ited the effects of the drugs on primary NS formation
and size. Similar results were obtained on secondary NS
pre-treated with GW (Fig. 5C, lower panel). These
Fig. 5. Effect of PPARg ligands on neurosphere formation and
growth. A: Western blot analysis showing expression of PPARg in neuro-
spheres grown for seven days (undifferentiated) or after an additional
two days of adhesion (differentiated cultures). B: Representative phase-
contrast micrographs showing the size of neurospheres cultures for seven
days in the presence or absence of pioglitazone (10 lM) or rosiglitazone
(30 lM). Some cultures were preincubated 1 h with 30 lM GW9662
(GW) or 50 lM T0070907 prior to the addition of the compounds. Scale
bars, 50 lm. C: Effect of different doses of pioglitazone and rosiglitazone
(5, 10, and 30 lM) on the growth of primary neurospheres. The number
of neurospheres was counted and its diameter measured. The diameter
of 50 primary and secondary neurospheres and the total number of neu-
rospheres was determined in control and in pioglitazone- or rosiglita-
zone- treated cells. Some cultures were preincubated with GW9662 (GW,
30 lM) or with T0070907 (T, 50 lM). The graphs in (C) demonstrate a
signiﬁcant increase in the number and diameter of the neurospheres in
those cultures treated with pioglitazone or rosiglitazone. D: Representa-
tive confocal images of Ki67 immunoreactivity (green) in primary neuro-
spheres. Dapi staining (blue) was used as a nuclear marker. Quantiﬁca-
tion of Ki671 cells reveals a signiﬁcant induction of the Ki671 cells in
pioglitazone- and rosiglitazone-treated neurospheres. Results are mean
values 6 SD from three independent experiments performed in tripli-
cate. **P  0.01. [Color ﬁgure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Fig. 6. Effect of PPARg ligands on cell migration out of the neuro-
sphere. Single neurospheres were plated on a poly-lysine-coated culture
Petri dish in the presence or absence of pioglitazone (10 lM) or rosigli-
tazone (30 lM), and the cell migration out of the sphere was monitored
48 h later. Some cultures were pre-incubated 1 hour with 30 lM
GW9662 (GW) prior to the addition of the compounds. A: Shown are
representative photomicrographs of three independent experiments.
Scale bars, 25 lm. Insets show higher magniﬁcations of the migrating
area. Scale bars, 10 lM (B) Quantitative data of farthest distance of
neural progenitor cell migration. **P  0.01, versus control nontreated
cultures.
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results suggest that both rosiglitazone and pioglitazone
are acting through a PPARg-dependent mechanism.
These studies thus far demonstrate that PPARg is
expressed by NS and that their speciﬁc ligands pioglita-
zone and rosiglitazone enhance the number as well as
the size of the NS generated from neonatal SVZ, sug-
gesting that PPARg activation by these factors regulates
the proliferation of sphere forming progenitors. There-
fore, proliferation of pioglitazone- and rosiglitazone-
treated cells was assessed 7 days after treatment by
staining for Ki67, a marker of dividing cells. As ex-
pected, treatment of adherent primary NSC signiﬁcantly
increased Ki67-staining, indicating a direct effect of
pioglitazone and rosiglitazone on proliferation (Fig. 5D).
The PPARc Ligands Pioglitazone and
Rosiglitazone Alter Migration Patterns
From Neurospheres
In order to test whether pioglitazone and rosiglitazone
modulate migration of NS, we exposed NS to both
agents during 48 h. The results summarized in Fig. 6
indicate that migration in the presence of both, pioglita-
zone and rosiglitazone for 48 h resulted in an increased
migration (1.6- and 1.5-fold, respectively of the controls).
These cells moved long distances from the centre of
the NS to often create overlapping zones of migration
between adjacent NS. The cells from control NS
remained close to the neurosphere origin and were
observed in closely associated groups.
Next, we investigated whether PPARg activation is
involved in the effects upon migration of both pioglita-
zone and rosiglitazone. To this end, NS cultures were
pretreated with the selective PPARg antagonist GW9662
before exposure to these agents. As shown in Fig. 6,
GW9662 suppressed the enhanced migration detected in
pioglitazone- and rosiglitazone-treated NS cultures.
These results suggest again an involvement of the
nuclear receptor PPARg in the migration effects of both
compounds.
Altogether these data implicate the PPARg receptor as
a regulator of neuroblast formation and migration in the
adult rat brain.
The PPARc Ligands Pioglitazone and
Rosiglitazone Enhance Differentiation of
Neurospheres After Adhesion
To investigate whether PPARg ligands inﬂuence cell
differentiation after adhesion of NS, we analyzed by
immunocytochemistry the different central nervous sys-
tem cell types in the inside and the outgrowth of control,
pioglitazone- and rosiglitazone-treated NS. Twenty-four
hours after plating in the absence of EGF and FGF, NS
extended multiple processes, which stained for the
uncommitted neural precursor marker nestin. To iden-
tify the cell types generated by the effect of pioglitazone
and rosiglitazone, cells were stained for immunoﬂuores-
cence using antibodies against MAP-2 for neurons,
GFAP for astrocytes, and CNPase for immature oligo-
dendrocytes. As shown in Fig. 7A,B, in control cultures
only scattered cells stained with GFAP or MAP-2 were
observed. After treatment with PPARg ligands the num-
ber of MAP-2- and GFAP-positive cells was signiﬁcantly
increased specially in the outgrowth of the NS (see
Fig. 7). An increase of the length of GFAP immunoreac-
tive ﬁbers was observed, with long processes extended
from the NS (high magniﬁcation in ﬁgure 7A). Figure
7B also shows in detail an increase of the number of
migrating MAP-2 positive cells outside the NS. On the
other hand, the number of CNPase positive oligoden-
drocytes precursors was not signiﬁcantly altered by
either rosiglitazone or pioglitazone (data not shown).
Addition of GW9662 completely abolished the effects of
both compounds on differentiation.
DISCUSSION
Although its functional effect on brain damage has
been recently investigated, there is almost no informa-
tion about the effect that PPARg activation has on neu-
rogenesis in the adult brain. In the present study we
used the TZD compound pioglitazone to demonstrate
that PPARg activation promotes proliferation, differen-
tiation and migration of neuroblasts in the SVZ and
RMS of adult rats. The results of this study demonstrate
that PPARg plays a role in regulating the expansion and
differentiation of the stem cell population. This is evi-
dent in vitro by enhanced numbers of primary neuro-
spheres and by rosiglitazone- and pioglitazone-mediated
induction of GFAP1 and MAP21 cells, and in vivo by an
increased proliferation and a larger population of neuro-
blasts that ﬁnally integrate into the olfactory bulb as
newly generated neurons. Enhancement of neural stem
cells proliferation and differentiation by pioglitazone
and rosiglitazone is possibly provoked by an activa-
tion of PPARg, as demonstrated by the inhibition of
their effects by the PPARg antagonists GW9662 and
T0070907. These studies reveal a novel role for PPARg
and may represent a potential therapeutic strategy for
stem cell activation.
Neurogenesis can be regulated at multiple points,
such as proliferation, differentiation, and migration,
processes that are controlled by a number of extracellu-
lar signaling cues (Alvarez-Buylla and Lim 2004; Lie
et al., 2004). The SVZ harbors the largest pool of proli-
ferating cells in adult mammals (Lois and Alvarez-
Buylla, 1993; Morshead et al., 1994). Pioglitazone-treat-
ment increased cell proliferation in the SVZ and the
RMS, as indicated by the changes in the number of
BrdU-labeled cells after 3 days of pioglitazone treat-
ment. We also present evidence that PPARg activation
induces expansion of highly migratory SVZ progenitors
in the adult rat. The increased proliferation, neuroblast
migration in the SVZ and RMS, and subsequent
increase of newborn neurons incorporated within the OB
can be relevant in olfactory-associated behavior. There is
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Fig. 7. Effect of PPARg ligands on neurosphere differentiation. The
neurospheres were grown for seven days in the presence or absence of
pioglitazone (10 lM) or rosiglitazone (30 lM) and then adhered for two
days to allow differentiation. Cultures were labeled with MAP-2 (red,
for neuronal cells), or GFAP (red, for astrocytes) antibodies and coun-
terstained with DAPI (blue). Some cultures were preincubated 1 h with
30 lM GW9662 (GW) prior to the addition of pioglitazone. Addition of
pioglitazone enhanced the number of GFAP (A) and MAP2 (B) positive
cells inside the neurosphere. High magniﬁcation pictures in A and B
show in detail some of the GFAP- or MAP-2-immunoreactive cells
migrated from the neurosphere in culture. Representative confocal
images of at least ﬁve independent experiments are shown. Scale bars,
10 lm. *P  0.05; ***P  0.001.
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evidence that adult mice short term memory is depend-
ent of neurogenesis. Mice housed in an odor-enriched
environment showed an increased survival of progenitor
cells in the OB as well as an enhanced olfactory short
memory (Rochefort et al., 2002). On the other hand,
chemical inhibition of neurogenesis with the antimitotic
drug araC, drastically reduced short-term olfactory
memory (Breton-Provencher et al., 2009). More recently,
also long-term olfactory memory has been shown to be
dependent of neurogenesis. Both neurogenesis and long
term memory are impaired after treatment with anti-
mitotic drugs and protein synthesis inhibitors (Kermen
et al., 2010; Sultan et al., 2010). Irradiation-induced
decrease in constitutive neurogenesis in the OB has
been shown to decrease olfactory long-term memory but
not other olfactory functions (Lazarini et al., 2009). Also,
Mak and Weiss (Mak and Weiss, 2010) have shown that
paternal-adult offspring recognition depends of OB
neurogenesis and implicates prolactin signaling path-
way (Mak and Weiss, 2010). Finally, it has been shown
that chronic systemic inhibition of nitrite production
increases proliferation in the subventricular zone and
neurogenesis in the OB associated with a better
olfactory learning performance (Romero-Grimaldi et al.,
2006). Based on these data, together with our results,
we could infer that pioglitazone -induced OB neurogene-
sis may improve olfactory-associated memory.
We observed large chains of neuroblasts far away
from the SVZ, deep in the striatum. This effect reminds
to that observed when mice where administered EGF
with an intraventricular osmotic pump (Doetsch et al.,
2002). Speaking of stimulating neurogenesis, the
advantage of pioglitazone is that it can be administered
intragastrically for a systemic effect. To our knowledge,
this paper is the ﬁrst direct demonstration of an involve-
ment of PPARg in the proliferation, migration, and dif-
ferentiation of neural progenitor cells. Regarding the
possible mechanism of action through which PPARg reg-
ulates neural stem cell proliferation and differentiation,
since this receptor is a transcription factor we favor the
idea that this regulation takes place through direct
activation of some genes involved in these processes (Mu
et al., 2010).
The data obtained here also show that activation of
PPARg also stimulates neural progenitor cell proli-
feration in neurospheres in vitro. Our results suggest
that PPARg may regulate neural stem cell number by
regulating the type of cell division. The formation of
secondary neurospheres from primary neurospheres is
indicative of self-renewing stem cell division (Reynolds
and Weiss, 1996). The higher number of secondary neu-
rospheres in pioglitazone- and rosiglitazone-treated NS
cultures, indicate that the neural stem cells generated
in presence of these factors underwent a higher propor-
tion of self-renewing or symmetric cell divisions, leading
to an expansion of the stem cell pool. This lends support
to the view that PPARg activation might stimulate the
capability to maintain stemness.
Neural stem cells differentiate into neurons, astro-
cytes and oligodendrocytes (Gage, 2000; Temple, 2001).
Here, we show that PPARg is involved in the control of
neural stem cell differentiation. Our results indicate
that activation of PPARg causes neural stem cells to dif-
ferentiate into astrocytes and neurons. The ﬁnding that
rosiglitazone and pioglitazone are able to induce differ-
entiation of NS cells differs from a previous report
indicating that rosiglitazone induced proliferation of
embryonic mouse NS cells and concurrently inhibited
their differentiation into neurons (Wada et al., 2006b).
This discrepancy may simply reﬂect methodological
differences in isolating neural stem cells or different
experimental conditions. Additionally, our work was
performed with neurospheres isolated from the SVZ of
adult rats, whereas the neurospheres by Wada et al.
came from whole brain of mice embryos on days 13-14 of
gestation, where other factors might be involved.
Our work shows that PPARg activation has a dual
function in neural stem cells proliferation and differen-
tiation, and suggests that ligands of PPARg are not only
mitogens for neural stem cells, but are also inducers of
neuronal differentiation. It seems interesting that
activation of PPARg can promote both proliferation and
differentiation. However, precedents for this phenom-
enon are seen in the case of insulin-like growth factor 1
(Arsenijevic and Weiss, 1998) and leukotriene B4 (Wada
et al., 2006a). In this respect, we suggest that PPARg
can present a new strategy for restoring neurogenesis.
Cell division in the SVZ is responsible for new neu-
rons being added to the granular and the periglomerular
layers of the olfactory bulb. These cells migrate through
the RMS, where the majority disperses throughout the
granule layer and a small percentage develops into
interneurons in the periglomerular layer (Altman, 1969;
Doetsch et al., 1997; Lois and Alvarez-Buylla, 1994).
The identiﬁcation of factors that promote neural stem
cell division and regulate proliferation, differentiation,
and migration of their progeny would facilitate attempts
to manipulate the production of new neurons and glia
and help in understanding the ongoing maintenance of
neural circuitry in the mature central nervous system.
Here, we demonstrate an increased capacity of migra-
tion of neurosphere-derived cells in response to both pio-
glitazone and rosiglitazone. This is especially important
in a clinical setting since the identiﬁcation of factors
that not only promote neural stem cells proliferation
and differentiation but also have a signiﬁcant effect on
their migration capacity might have an important regu-
latory role in SVZ migratory events in a brain injury
context. One important ﬁnding in this study is that acti-
vation of PPARg is required for the observed effects of
rosiglitazone and pioglitazone. These results lend sup-
port to the view that activation of this receptor can have
an important regulatory role in neurogenesis in the
normal brain as well as after a brain injury or a neuro-
degenerative disease. In contrast with this, very recently
Lee et al. have shown that oral administration of
rosiglitazone decreases neurogenesis in the mouse
hippocampus (Lee et al., 2010). The reasons for this dis-
crepancy are uncertain, although it could be due to an
indirect effect of the long treatment with rosiglitazone
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since it is well established that this drug, in contrast
with pioglitazone, does not cross the blood brain barrier
(Brodbeck et al., 2008; Landreth et al., 2008; Pedersen
et al., 2006; Risner et al., 2006; Watson et al., 2005).
In summary these studies clearly demonstrate that
ligands of PPARg play a versatile role, both in maintain-
ing the progenitor pools and in inducing differentia-
tion and migration of various cell types in the central
nervous system through activation of this receptor.
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Anticonvulsant and Neuroprotective
Effects of the Novel Calcium Antagonist
NP04634 on Kainic Acid-Induced Seizures
in Rats
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Kainic acid (KA)-induced status epilepticus (SE) is a well-
characterized model of excitotoxic neuronal injury. Excito-
toxicity results from activation of specific glutamate recep-
tors, with resultant elevation of intracellular Ca21. The CA1
and CA3 subregions of the hippocampus are especially
vulnerable to KA, and this pattern of neuronal injury resem-
bles that occurring in patients with temporal lobe epilepsy.
Calcium plays an essential role in excitotoxicity, and
accordingly calcium channel inhibitors have been shown to
have protective effects in various experimental models of
epilepsy and brain injury. Moreover, they also potentiate the
antiseizure efficacy of conventional antiepileptic drugs. This
study was undertaken to determine whether NP04634, a
novel compound, reported as a non-L-type voltage-sensi-
tive calcium channel (VSCC) inhibitor, could prevent the en-
trance in SE and the neuronal loss evoked by intraperito-
neal injection of KA. Our results show that intragastrical
administration of NP04634 reduced the percentage of rats
that entered SE after KA injection, increased the latency of
SE entry, and significantly reduced the mortality of rats
that entered SE. Also, NP04634 prevented the loss of
hippocampal CA1 and CA3 pyramidal neurons and
reduced the gliosis induced by KA. These results point to
a potential anticonvulsant and neuroprotective role for
NP04634. VC 2009Wiley-Liss, Inc.
Key words: excitotoxicity; hippocampus; kainic acid;
neuroprotection; status epilepticus
Epilepsy is a common neurological disorder charac-
terized by spontaneous recurrent seizures (Sander and
Shorvon, 1996). Approximately 40% of epilepsies are
acquired, meaning that the epileptic condition is
acquired through an injury to the nervous system (de
Graaf, 1974; Lothman et al., 1991; McNamara, 1994;
DeLorenzo et al., 2005). Status epilepticus (SE) is a fre-
quent cause of brain injury and is tightly associated with
the development of epilepsy (de Graaf, 1974; Lothman
et al., 1991; McNamara, 1994; Sander and Shorvon,
1996; DeLorenzo et al., 2005). SE is thought to damage
neural cells through an increased liberation of excitatory
amino acids, mostly glutamate, and the subsequent
intense activation of ionotropic receptors (a phenom-
enon known as excitoxicity; Olney et al., 1986).
Systemic administration of the AMPA/kainate
receptors agonist kainic acid (KA) is known to induce a
sequence of altered behavioral events characterized by
epileptiform seizures, which finally develop into SE (Ben-
Ari et al., 1980; Sperk, 1994). This is followed by neuro-
degeneration in specific brain regions, such as the hippo-
campus, piriform cortex, thalamus, and amygdala. A well-
characterized pattern of neurodegeneration in response to
KA occurs in the hippocampus, where the CA3 pyrami-
dal cells and interneurons in the hilus of dentate gyrus are
the most vulnerable, followed by CA1 pyramidal cells
(Coyle, 1983; Sperk et al., 1985; Tauck and Nadler,
1985). KA-induced neuronal death in vivo is due partially
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to the massive release of glutamate induced by this exci-
totoxin (Sperk, 1994), although in neurons in culture KA
can directly induce cell death (Brorson et al., 1994;
Courtney et al., 1995). Based on the similarities of these
alterations to the clinical and neuropathological manifesta-
tions in humans, KA administration has been widely used
as the animal model that mirrors aspects of human tem-
poral lobe epilepsy (Nadler, 1981; Leite et al., 1990).
An essential event in excitotoxicity is the abnormal
increase in intracellular calcium as a consequence of the
activation of ionotropic glutamate receptors by the massive
release of this neurotransmitter. Elevated free cytosolic
calcium concentrations have been implicated in various cell
death scenarios (Choi, 1988, 1994; Meldrum and
Garthwaite, 1990; Doble, 1999; Wang et al., 2005) and in
the development of epilepsy (Sombati and DeLorenzo,
1995; DeLorenzo et al., 1998; Pal et al., 1999; Sun et al.,
2002). Calcium influx occurs largely through direct activa-
tion of NMDA receptors, which under sufficiently
depolarized conditions become permeable to Ca21, and
indirectly through voltage-sensitive calcium channels
(VSCCs). In addition to this, intracellular calcium channels
have been shown to contribute to the pathophysiological
effects of calcium (Verkhratsky, 2005). VSCCs have been
classified according to their protein structure and electro-
physiological and pharmacological features into six different
subtypes: P, Q, N, T, L, and R types (Dolphin, 2006;
Khosravani and Zamponi, 2006).
Consistently with the excitotoxic hypothesis,
calcium inhibitors have been shown to be potent neuro-
protective and anticonvulsive agents and are known to
potentiate the antiseizure efficacy of conventional antie-
pileptic drugs (Vezzani et al., 1988; De Sarro et al.,
1988; Dolin et al., 1988; Czuczwar et al., 1990; Kamin-
ski et al., 2001). N and P/Q VSCCs subtypes are located
predominantly in nerve terminals and control various
intracellular calcium-dependent events, such as neuro-
transmitter release. From these collective data, it could
be inferred that inhibitors targeting these VSCC subtypes
could be effective anticonvulsive and antiexcitotoxic
compounds. In fact, blockage of these channels in exper-
imental animals by specific peptide toxins has been
shown to exert strong neuroprotective effects (Asakura
et al., 1997; Huang et al., 1997; Lee et al., 2004) and
may be useful for treating diverse neurological diseases,
including ischemia, pain, and epilepsy (Cox, 2000;
Lukyanetz et al., 2002; Miljanich, 2004; Takahara et al.,
2004). However, these peptides are labile and usually do
not cross the blood–brain barrier, so the synthesis of
small molecules able to cross the blood–brain barrier and
inhibit VSCC could lead to the development of new
therapeutic products.
Here we have analyzed, in an in vivo excitotoxic
model of brain injury, the possible anticonvulsive and
neuroprotective effects of NP04634. This compound is a
novel molecule, which has been reported to be a revers-
ible antagonist of non-L-type VSCCs in bovine chro-
maffin cells (Valero et al., 2009; Fig. 1). Our results
clearly demonstrate that NP04634-treated animals
showed a diminished susceptibility to KA, which
included an attenuation of seizure activity and a strong
neuroprotective effect.
MATERIALS AND METHODS
Materials
NP04634 was obtained from Noscira (Tres Cantos,
Madrid, Spain); kainic acid (KA) and general reagents were
purchased from Sigma-Aldrich (St. Louis, MO). Stocks solu-
tions of NP04634 were first dissolved in dimethylsulfoxide
(DMSO) and then in phosphate-buffered saline (PBS) to the
desired concentrations. Mouse anti-cd11b (OX-42) and anti-
GFAP monoclonal antibodies were purchased from Serotec
(Duesseldorf, Germany) and Sigma-Aldrich, respectively. Pol-
yclonal anti-TNF-a and anti-COX-2 antibodies were from
Santa Cruz Biotechnologies (Santa Cruz, CA).
Animals and Seizure Induction
Adult male Wistar rats (8–12 weeks old) were used in
this study. The animals were divided into three groups. Group
I rats (controls) were injected i.p. with normal saline and
groups II and III with KA (10 mg/kg). Group III rats were
pretreated with NP04634 (100 mg/kg BW, orally adminis-
tered via an intragastric tube) 12 and 4 hr before KA injec-
tion. Groups I and II were pretreated with vehicle (PBS and
DMSO mixture). Adequate measures were taken to minimize
pain or discomfort of animals. Experiments were carried out
in accordance with the European Communities Council,
directive 86/609/EEC.
Behavioral observations were performed for a period of
4 hr. After KA injection, the animals were placed in individ-
ual plastic cages and monitored for 4 hr. Video recordings
were made with a black-and-white video camera. The con-
vulsive behavior was classified according to the accumulative
scale of Racine and Sperk (Racine, 1972; Sperk et al., 1985)
as follows: stage 0 5 no changes; stage 0.5 5 wet dog shakes
(WDS); stage 1 5 mouth and facial movements; stage 2 5
head nodding; stage 3 5 forelimbs clonus; stage 4 5 rearing;
stage 5 5 rearing and falling; stage 6 5 death. SE was defined
as continuous or intermittent behavioral seizure activity with-
out recovery of complete consciousness (stage 4–5) for at least
30 min. Behavioral seizures were scored by their latency
(minutes) to onset of SE following KA injection. The number
of WDS prior to SE was also counted.
Immunohistochemistry
Seventy-two hours after KA injection, the animals were
anesthetized and perfused transcardially with 4% paraformalde-
Fig. 1. Structure of the Ca21 channel antagonist NP04634.
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hyde solution. The brains were removed, postfixed in the
same solution at 48C overnight, cryoprotected in the parafor-
maldehyde solution containing 30% sucrose, and frozen, and
30-lm coronal sections were obtained in a cryostat. Free-
floating sections were processed for cresyl violet (Nissl stain)
or immunohistochemistry with the diaminobenzidine method.
Floating sections were immersed for 15 min in 3% H2O2 to
inactivate endogenous peroxidase and then blocked for 2 hr at
room temperature (RT) in 5% normal goat serum (NGS; Vec-
tor, Burlingame, CA) in phosphate-buffered saline, containing
4% bovine serum albumin, 0.1 M lysine, and 0.1% Triton X-
100. Afterward, the sections were incubated overnight with the
corresponding primary antibodies. After several rinses, sections
were incubated for 1 hr with a biotinylated secondary antibody.
Finally, the sections were processed following the avidin-biotin
protocol (ABC Vectastain kit; Vector). Tissues were mounted
onto gelatin-coated slides and allowed to dry. Finally, the slides
were dehydrated, cleared in xylene, and mounted with DePeX
(Serva, Heidelberg, Germany). The slides were examined with
a Zeiss Axiophot microscope (equipped with an Olympus DP-
50 digital camera) and a Leica MZ6 modular stereomicroscope.
Neuronal integrity was assessed by counting the percentage of
Nissl-positive cells in the hilus, CA1, and CA3 regions of the
hippocampus in five independent, well-defined high-magnifica-
tion (3400) fields per animal using computer-assisted image
analySIS software (Soft Imaging System). The extent of micro-
gliosis was quantified by counting the number of OX-42-posi-
tive cells in five independent, well-defined high-magnification
(3400) fields per animal, as described above. To evaluate astro-
gliosis, two different parameters were quantified: number of
activated cells, based on the calculation of highly immuno-
stained cell body profiles, and immunosignal intensity, based on
the measurement of optical density. Individual cell bodies were
manually traced, and their mean staining intensity was normal-
ized against the background of the section, defined as tissue
devoid of specific immunostaining. The procedure resulted in
arbitrary values on a scale from 1 (background staining) to 256.
Fluoro-Jade Staining
To evaluate neuronal degeneration, Fluoro-Jade B stain-
ing was used (Schmued et al., 1997). The sections were
mounted on gelatin-coated slides and then dried at RT. After
that, the slides were immersed in 100% alcohol, followed by
70% alcohol and distilled water. Then, the slides were incu-
bated shaking gently for 15 min in 0.06% potassium perman-
ganate solution followed by 30 min in dark in the staining so-
lution (0.001% Fluoro-Jade B dye; Chemicon, Temecula,
CA). After staining, the sections were rinsed in distilled water,
and when dried, immersed in xylene and mounted with
DePeX (Serva). Images were analyzed by confocal micro-
scope, as detailed above.
Primary Cultures of Glial Cells
Rat primary cell cultures were established as previously
described (Luna-Medina et al., 2005). Astrocytes were prepared
from neonatal (P2) rat cerebral cortex. Briefly, after removal of
the meninges, the cerebral cortex was dissected, dissociated, and
incubated with 0.25% trypsin/EDTA at 378C for 1 hr. After
centrifugation, the pellet was washed three times with HBSS
(Gibco, Grand Island, NY), and the cells were plated on non-
coated flasks and maintained in Ham’s/DMEM (1:1) containing
Fig. 2. Effect of NP04634 on behavioral activity after injection of KA.
NP04634 (100 mg/kg) was administered intragastrically 12 and 4 hr
before intraperitoneal injection of KA (10 mg/kg BW), and the behav-
ioral activity was analyzed as indicated in Materials and Methods.
Values represent the mean 6 SE. A: Percentage of status epilepticus
(SE; animals per group  25). In response to the same dose of KA, the
percentage of rats that enter SE in the NP04634-treated group was
nearly threefold less than that in the group injected only with KA. B:
Effects of NP04634 on behavioral seizures induced by KA in rats. The
data correspond to animals that entered SE (animals per group 5 7).
Animals that died during the experiment were assigned stage 6. *P <
0.05, **P  0.01, and ***P  0.001. C: Comparison of the number
of wet dog shakes prior to onset of SE. NP04634-treated rats exhibited
a significantly lower total number of wet dog shakes prior to SE than
KA-injected animals (animals per group  7).
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10% FBS. After 15 days, the flasks were agitated on an orbital
shaker for 12 hr at 250 rpm at 378C, and the nonadherent oligo-
dendrocytes and microglial cells were removed. After 7 days,
the flasks were agitated again to remove any remaining micro-
glia cells and then trypsinized and expanded at a 1:5 ratio in
complete medium. The purity of the cultures was >95%, as
determined by immunofluorescence analysis using anti-GFAP
to identify astrocytes. NP04634 (25 lM) was added to the
culture medium of astrocytes 1 hr before exposure to lipopoly-
saccharide (LPS; 10 lg/ml), and cells were harvested 24 hr
later for evaluation of tumor necrosis factor-a (TNF-a) and
cyclooxygenase type 2 (COX-2) expression.
Immunocytochemistry
At the end of the treatment period, the cultures, grown on
glass coverslips in 24-well cell culture plates, were washed with
phosphate-buffered saline and fixed for 30 min with 4% parafor-
maldehyde at 258C and permeabilized with 0.1% Triton X-100
for 30 min at 378C. After 1 hr of incubation with the correspond-
ing primary antibody, cells were washed with PBS and incubated
with an Alexa-labeled secondary antibody (Molecular Probes,
Leiden, The Netherlands) for 45 min at 378C. Images were
acquired using a Radiance 2100 confocal microscope (Bio-Rad,
Hercules, CA), with a 350-nm diode laser to excite DAPI and a
647-nm laser line to excite Alexa 647. Confocal microscope set-
tings were adjusted to produce the optimal signal-to-noise ratio.
To compare fluorescence signals from different preparations, set-
tings were fixed for all samples within the same analysis. Fluores-
cence analysis was performed in LaserPix software (Bio-Rad). A
quantitative analysis of labeled cells was undertaken in the image
analySIS software and normalized to total nuclei. Areas to be
counted were traced at high power (3400), and at least five
different counting fields were selected at random per culture.
Statistical Analysis
Statistical comparisons for significance among the differ-
ent groups of animals were performed by ANOVA followed
by Newman-Keuls’ test for multiple comparisons. P  0.05
was considered to be statistically significant. Statistical compar-
isons for significance between cells were performed via Stu-
Fig. 3. Effect of NP04634 treatment on KA-induced neuronal dam-
age. A: Rats were injected with KA or with KA and previously pre-
treated with NP04634 and sacrificed 72 hr postinjection. Coronal
sections (30 lm) were stained with Fluoro-Jade B and Nissl.
NP04634-treated rats exhibited virtually no detectable neuronal
degeneration, as detected by Fluoro-Jade B staining, and a negligible
loss of neurons in the hilus, CA1, and CA3 regions, as shown by
Nissl staining, compared with KA-injected rats. B: Extent of neuro-
nal damage in the hilus, CA1, and CA3 areas of the hippocampus
was quantified as described in Materials and Methods. Data were
normalized against the mean values from vehicle-injected rats. Values
represent the mean 6 SD from five different animals that entered SE
and five independent sections per animal. ***P  0.001 vs. vehicle-
injected rats at each time point. Scale bar 5 10 lm. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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dent’s test, with P  0.05. Data are given as the mean 6 SD
(Figs. 3–5) or mean 6 SE (Fig. 2).
RESULTS
Effect of NP04634 on Convulsive Activity Induced
by KA Injection
As expected, KA administration (10 mg/kg BW)
induced SE in 80% of rats. In contrast, this percentage
decreased to 30% when the rats were previously treated
with NP04634 (Fig. 2A). Also, intragastrical administra-
tion of NP04634 both increased the latency of SE entry
and reduced the apparent severity of seizures. Specifi-
cally, the mean latency for KA-injected rats to SE onset
was 84.6 6 10.5 min, whereas the latency for
NP04634-treated rats was approximately two times lon-
ger (145.32 6 9.3 min; P  0.001; Fig. 2B). During the
latency period, KA-injected rats displayed a much higher
number of WDS than NP04634-treated rats (Fig. 2C).
Thus, in response to the same dose of KA, NP04634-
treated rats exhibited a delayed progression to SE that
was associated with a significantly smaller number of
Fig. 4. Effect of NP04634 on KA-induced gliosis. Rats were injected
with KA or with KA and previously pretreated with NP04634 (NP)
and sacrificed 72 hr postinjection. Coronal sections (30 lm) were
stained with mouse monoclonal antibodies directed against either
GFAP (A) or CD11b (OX-42; C) to detect astrocytes or microglial
cells, respectively. Insets 31,000. A significant decrease in gliosis
was observed in the group treated with NP04634. B: Quantification
of the number of reactive astrocytes and their mean immunostaining
intensity evaluated in the molecular layer of the hippocampus.
D: Quantification of the number of reactive microglial cells. Values
represent the mean 6 SD from five different animals and five
independent sections per animal. ***P  0.001. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]
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WDS and endured less episodes of severe seizures.
Finally, KA administration caused mortality in 25% of
the rats that showed SE, whereas that mortality was
reduced to 13% in the NP04634-treated rats that had
entered in SE by 24 hr after injection (data not shown).
Neuroprotective Role of NP04634 Following
KA-Induced Brain Injury
Given the behavioral results described above, we
next assessed the efficacy of NP04634 as a neuroprotec-
tor factor against KA-induced neurodegeneration. To
this end, hippocampal sections were stained with Flu-
oro-Jade B (Schmued et al., 1997) to detect degenerat-
ing neurons or Nissl to detect surviving neurons. A com-
plete preservation of hippocampal neurons was found in
NP04634-treated rats compared with abundant neuronal
loss in CA1, CA3, and hilus 72 hr after injection with
KA (Fig. 3A). Quantitative studies (Fig. 3B) showed
decreases of 94%, 87%, and 90%, compared with the ve-
hicle-injected rats, in the number of neurons in the hilus,
CA1, and CA3 subfield of the hippocampus, respectively,
after KA injection. In contrast, in the NP04634-treated
group, no significant decrease in the number of neurons
was observed in the aforementioned areas 72 hr after KA
injection. This resistance to injury was also supported by
the almost complete absence of Fluoro-Jade B fluores-
cence in both the CA1 and the CA3 subfields of the hip-
pocampus in the NP04634 group, compared with the
strong fluorescence signal displayed by the nontreated ani-
mals (Fig. 3A). Interestingly, this neuronal preservation
was observed in the NP04634-treated rats, independently
of whether or not they reached SE, suggesting that, in
addition to its anticonvulsant activity, NP04634 has a
neuroprotective effect.
Effect of NP04634 on Glial Activation
One of the events that takes place in the hippo-
campus following excitotoxic injury is the sequential
activation of microglia and astroglia. Astrocytes and
microglial cells are considered to be key players in the
induction of the neuronal damage following excitotoxic
injury. With regard to astrogliosis, resting astrocytes
were distributed throughout the entire hippocampus
(Fig. 4A). Seventy-two hours after KA injection, an im-
portant increase in GFAP immunoreactivity was detected
in all regions of the hippocampus (Fig. 4A). We could
observe an increase in both the number and the intensity
of GFAP-expressing cells. In contrast, 72 hr after KA
injection, NP04634 rats displayed less staining for
GFAP, and the morphology of the astrocytes was similar
to that of resting cells. In addition, after KA injection,
numerous reactive microglial cells appeared mainly
in the molecular layers of the hippocampus (Fig. 4B).
KA treatment resulted in morphological changes in
microglial cells, which included swelling of the cell
somas and thickening and retraction of the cell processes,
Fig. 5. Induction of proinflammatory mediators in astrocyte primary
cultures after treatment with LPS. Primary astrocyte cultures were treated
with LPS (10 lg/ml) in the absence or presence of NP04634, and the
expression of TNF-a and COX-2 was evaluated by using immunofluo-
rescent detection and confocal microscopy with specific antibodies, as
described in Materials and Methods. Representative results from three
experiments are shown. Nuclei were counterstained by DAPI (blue).
LPS, lipopolysaccharide. Values shown under images represent the mean
6 SD from three different experiments and five independent fields (50
cells/field) per culture. ***P  0.001. Scale bar 5 10 lm. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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two characteristic features of reactive microglia (Jor-
gensen et al., 1993; Ladeby et al., 2005). Treatment
with NP04634 together with KA completely blocked
microglial activation.
NP04634 Inhibits Glial Activation In Vitro
Recent findings in experimental models highlight
the possibility that inflammatory processes in the brain
contribute to the development of seizures. Therefore, to
substantiate further the role of NP04634 in the inflam-
matory response in neural cells, we next performed
in vitro experiments with primary cultures of astrocytes.
We then tested the effect of NP04634 on the produc-
tion of proinflammatory and neurotoxic products from
LPS-treated astrocyte cultures. Figure 5 shows that treat-
ment of astrocytes with NP04634 completely abrogated
the induction of two proinflammatory agents, TNF-a
and COX-2, after LPS treatment. These results further
confirm the antiinflammatory effects of NP04634 shown
in the in vivo studies.
DISCUSSION
In the present study, we have shown that the new
molecule NP04634, reported to be a calcium antagonist,
administered before KA injection attenuated the devel-
opment of SE and prevented both the glial activation
and the neuronal cell death that occur in the hippocam-
pus as a consequence of this excitotoxic insult. These
results in an intact animal model of SE are further sup-
port for the in vitro studies that directly demonstrate the
antiinflammatory effects of this compound.
We initially compared the behavioral activity after
KA injection between NP04634-treated and control ani-
mals. KA injection induced typical behavioral seizures,
such as WDS and limbic seizures, and eventually reached
SE. NP04634 administered intragastrically before KA
injection resulted in an anticonvulsive effect, reducing
the percentage of rats that developed SE and increasing
the latencies to onset of SE. Results of this study also
show that NP04634-treated rats exhibited a significant
lower number of WDS during the latency period prior
to the onset of SE. The anticonvulsive effect elicited by
NP04634 described here is in agreement with previous
reports showing antiepileptic effects of drugs that block
neuronal VSCCs. It has been shown that the broadly
used antiepileptic drug lamotrigine inhibits non-L-type
VSCCs (Stefani et al., 1996). Also, specific polypeptide
toxins of animal origin, which block P/Q- and N-type
VSCCs, prevent amygdaloid kindling (Gasior et al.,
2007; Wang et al., 2007) and have antiepileptic effects
in the DBA/2 mouse model of audiogenic seizure
(Jackson and Scheideler, 1996). These data are in
accordance with the fact that N- and P/Q-type VSCC
are abundant in presynaptic terminals (Sabria et al.,
1995) and that calcium is a key player in neurotransmit-
ter release. Also, high cytosolic calcium levels are
extremely toxic for neural cells (Choi, 1988, 1994;
Meldrum and Garthwaite, 1990; Doble, 1999; Wang
et al., 2005); consequently, neuroprotective agents have
been sought among neuronal calcium channel blockers
in addition to other molecular design families, such as
glutamate antagonists, antiinflammatory drugs, and
various sterol compounds.
In fact, the neuroprotective effects of peptide
toxins of animal origin, which specifically inhibit N- or
P/Q type VSCC blockers, are well documented in
different models of brain injury in which glutamate is
implicated, such as ischemia and traumatic brain injury
(Valentino et al., 1993; Yamada et al., 1994; Zhao et al.,
1994; Buchan et al., 1994; Asakura et al., 1997; Samii
et al., 1999; Berman et al., 2000; Lee et al., 2004). In
addition to peptide toxins, only small numbers of small
nonpeptide neuronal VSCC blockers, more suitable for
oral therapy, have been shown to provide some degree
of neuroprotection in vivo in different models of brain
injury (Hicks et al., 2000; O’Neill et al., 1997), although
these molecules are usually less specific (Huang et al.,
1997; Schelkun et al., 1999; Hu et al., 1999; Asakura
et al., 2000; Menzler et al., 2000).
In agreement with all these data, we show here
that NP04634 exerts a strong neuroprotective effect in a
well-established model of KA-induced excitotoxic
injury. Interestingly, the prevention of neuronal cell
death by this compound was observed irrespective of
whether the animals reached SE. Although it is known
that neuronal cell loss is the result of intense seizure ac-
tivity, it has been also reported that single and intermit-
tent, brief seizures also induce neuronal damage
(Bengzon et al., 1997). However, we did not observe
any significant neuronal loss in the hippocampus of
NP04634-treated rats that had developed SE (Fig. 3),
suggesting that this compound acts as a potent neuropro-
tective agent in addition to its anticonvulsant activity.
There is considerable evidence suggesting that KA
treatment is associated with a significant activation of
astrocytes and microglial cells. Our data show that the
increase in GFAP staining, as well as the morphological
changes, associated with astrocytes activation are mark-
edly reduced in animals treated with NP04634. More-
over, the strong microglial activation observed in KA-
injected animals was almost completely absent in
NP04634-treated rats. The regulation of glial activation
is generally considered as a key mechanism in neuronal
cell death. It is known that glial cells, as mediators of the
inflammatory response, play an important role in the
course of KA-induced hippocampal neurodegeneration.
Activated astrocytes and microglia cells proliferate and
increase the expression of genes implicated in the pro-
duction of nitric oxide, COX-2, and cytokines, which
are mainly responsible for the observed neuronal death.
This is in accordance with our results showing a promi-
nent decrease in the number of neurons in the CA1 and
CA3 fields of the hippocampus of KA-injected animals,
which is blocked by NP04634 administration.
The in vitro studies presented here demonstrate
that NP04634 directly blocks the inflammatory activa-
tion of astrocytes induced by LPS. The production of
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TNF-a and the expression of COX-2, two potent
proinflammatory agents, are markedly reduced in pri-
mary astrocytes cultures treated with NP04634. These
findings are consistent with the in vivo studies indicating
that glial activation is significantly attenuated in KA-
injected animals previously treated with NP04634. These
findings provide evidence that NP04634 directly inhibits
the induction of proinflammatory mediators in glial cells.
Regulation of proinflammatory mediators is generally
considered a key mechanism in neuronal cell death.
COX-2 is involved in the pathogenesis of multiple
neurological disorders (Giovannini et al., 2003; Teis-
mann et al., 2003), and local increases in COX-2
expression have been associated with ischemia and
seizures (Nogawa et al., 1997; Minghetti, 2007; Oliveira
et al., 2008). In addition, TNF-a has been shown to be
overexpressed in experimental models of seizures
(Vezzani et al., 2008). Therefore, the suppression by
NP04634 of both COX-2 and TNF-a in response to
injury may be directly responsible for the observed
reduction in hippocampal neuronal loss in vivo. Finally,
these data suggest that NP04634 may work through its
blocking effect on non-L-type VSCC, insofar as the
presence of these channels in primary astrocyte cultures
is well established (Latour et al., 2003; D’Ascenzo et al.,
2004) and calcium is an important second messenger for
cytokine production in glial cells (Robbins et al., 1987;
Hoffmann et al., 2003).
In summary, our results demonstrate that NP04634
has a significant anticonvulsant, antiinflammatory, and
neuroprotective effect in KA-injected rats, a well-charac-
terized model of temporal lobe epilepsy. In addition,
NP04634 diminished the induction of the proinflamma-
tory markers TNF-a and COX2 in astrocyte cultures
after LPS treatment. Because NP04634 is an efficient
non-L-type VSCC blocker, it is reasonable to speculate
that its actions are mediated via the inhibition of these
channels, although we cannot exclude the possibility that
NP04634 might also act through other mechanisms.
Hence, NP0463 may be a promising new therapeutic
drug deserving further attention for the treatment of
temporal lobe epilepsy and other neurodegenerative
disorders.
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Abstract
Background: Thiadiazolidinones (TDZD) are small heterocyclic compounds first described as non-ATP competitive inhibitors
of glycogen synthase kinase 3b (GSK-3b). In this study, we analyzed the effects of 4-benzyl-2-methyl-1,2,4-thiadiazolidine-
3,5-dione (TDZD-8), on murine GL261 cells growth in vitro and on the growth of established intracerebral murine gliomas in
vivo.
Methodology/Principal Findings: Our data show that TDZD-8 decreased proliferation and induced apoptosis of GL261
glioblastoma cells in vitro, delayed tumor growth in vivo, and augmented animal survival. These effects were associated with
an early activation of extracellular signal-regulated kinase (ERK) pathway and increased expression of EGR-1 and p21 genes.
Also, we observed a sustained activation of the ERK pathway, a concomitant phosphorylation and activation of ribosomal S6
kinase (p90RSK) and an inactivation of GSK-3b by phosphorylation at Ser 9. Finally, treatment of glioblastoma stem cells
with TDZD-8 resulted in an inhibition of proliferation and self-renewal of these cells.
Conclusions/Significance: Our results suggest that TDZD-8 uses a novel mechanism to target glioblastoma cells, and that
malignant progenitor population could be a target of this compound.
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Introduction
Glioblastomas (GBM) are the most frequent and aggressive
neoplasm among human primary brain tumors [1]. Despite many
efforts to overcome this aggressive disease the median survival of
patients with GBM remains less than 12 months from the time of
diagnosis [1,2]. Advances in glioma modeling in the mouse have
made the disease amenable to in vivo functional and molecular
studies [3]. Although there have been important advances in our
understanding of malignant gliomas and progress in treating them,
the mechanisms underlying GBM pathogenesis and poor response
to conventional therapy are yet unclear.
GSK-3b is a serine/threonine kinase which activity is regulated
by site-specific phosphorylation. Full activity of this enzyme
generally requires phosphorylation at Tyr-216, and conversely,
phosphorylation at Ser-9 inhibits GSK-3b activity. Different
studies have shown that GSK-3b is involved in many biological
processes, including cell cycle progression, apoptosis and viability,
cytoskeletal organization, cellular metabolism and tumorigenesis
[4,5]. Several of these pathways, are implicated in disease
pathogenesis, which has prompted efforts to develop GSK-3b
inhibitors for therapeutic applications. GSK-3b plays an impor-
tant role in glucose metabolism and it is thought to facilitate the
development of non-insulin-dependent diabetes [6]. Also, GSK-3b
has an important role in promoting inflammatory processes
through its activation of the transcription factor NF-kB [7]. This
kinase has also been implicated in the development of Alzheimer
disease and other neurodegenerative disorders [8]. Lastly, several
studies have identified a specific role for GSK-3b on proliferation
and apoptosis of cancer cells. GSK-3b activation has been
associated with prostate cancer progression [9], and inactivation
of this enzyme activates a p53-dependent apoptosis pathway
resulting in a diminished colorectal cancer cell growth [10].
The thiadiazolidinone compound TDZD-8 belongs to a family
of molecules, which was originally described as non-ATP
competitive inhibitors of glycogen synthase kinase 3b (GSK-3b)
[11,12]. In line with the implication of GSK-3b-activated
pathways in disease pathogenesis, TDZD-8 has been shown to
be a protective agent in multiple murine models of disease such as
arthritis, spinal cord injury, colitis, and septic shock
[13,14,15,16,17]. More recently, TDZD-8 has been shown to
selectively induce death of several major forms of leukemia cells,
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including malignant myeloid stem and progenitor populations,
while sparing normal hematopoietic tissue [18].
In an effort to expand strategies for targeting glioblastoma cells, we
have explored the effects of TDZD-8 on glioblastoma development.
We demonstrate that TDZD-8 is a potent anti-proliferative and pro-
apoptotic agent of glioma cells in vitro and in vivo. These effects are
associated with an early activation of extracellular signal-regulated
kinase (ERK), which is followed by an increased expression of the
early growth response-1 (EGR-1) and p21. TDZD-8 also elicited a
sustained activation of ERK which lead to a phosphorylation of
p90RSK and a concomitant inhibition of GSK-3b through
phosphorylation of Ser-9. We also demonstrate that TDZD-8
inhibits the growth and neurosphere formation and self-renewal
capacity of GL261 cells. As such, these findings identify TDZD-8 as a
potential therapeutic agent for the treatment of high grade gliomas.
Results
TDZD-8 treatment reduces glioblastoma development in
vivo
To analyze the effects of TDZD-8 on glioblastoma growth in vivo,
we orthotopically implanted GL261 glioma cells into adult mice
brains to generate tumors. The murine glioma GL261 model has
been the most common used syngeneic transplant model for both
subcutaneous and intracranial experimental glioma tumors
[19,20,21]. This particular intracranial animal model recapitulates
many of the histopathological and biological features of human
glioma including necrosis with pseudopalisading, blood vessels
infiltration and presence of giant multinucleated cells [22]. First, we
monitored tumor growth in vivo by magnetic resonance imaging
(MRI) at different times after implantation. Animals treated with
TDZD-8 1 day after GL261 cell implantation showed a delayed
onset and progression of tumors compared to control animals
(Fig. 1A, B). Also, tumor volume, as assessed by T1-weighed images
after gadolinium contrast administration, was significantly reduced
in mice treated with TDZD-8 (Fig. 1A). About 84% reduction in
tumor volume was observed in tumors derived from TDZD-8-
treated animals at 13 days post-injection (Fig. 1C). This strong
reduction in the tumor growth potential induced by the compound
was also observed 20 days post-injection. Both the log-rank test and
Kaplan-Meier analysis of the survival data demonstrated a
significant survival advantage for the mice treated with TDZD-8
when compared to their controls (40 versus 30 days) (Fig. 1D). Log-
rank analysis of the data yielded a p value of 0.006. Of note, this
delayed tumor growth was also detected when the TDZD-8
treatment was started 6 days after GL261 cell injection (Fig. S1).
We next performed histological examination of tumor tissues 12
and 24 days after treatment (Fig. 2A). Microscopically all the
tumors were made of sheets of malignant cells that leaved some
microcysts among them. These cells showed highly atypical nuclei
with prominent nucleoli and an eosinophilic cytoplasm with
filamentous elongations. Many multinucleated malignant cells
were also seen (Fig. 2A, asterisks in insets). Altogether these
features are characteristic of a typical human high-grade glioma.
The grade of pleomorphism and nuclear atipia and the mitotic
activity were reminiscent of that found in human glioblastoma
multiforme. Tumors from control animals presented more mixoid
matrices (Fig. 2A, arrows in insets) and a higher mitotic activity
with more than 5 mitotic figures per high power field (Fig. 2A,
arrowheads in insets), as compared with TDZD-8-treated animals.
To further understanding on tumors characteristics we per-
formed PCNA and active caspase-3 immunohistochemistry 12 days
after implantation to assess the effect of TDZD-8 on proliferation
and apoptosis. Quantification of the data revealed that TDZD-8-
treated animals showed a significant reduction of PCNA expression
(Fig. 2B), suggesting a growth-suppressing action of this compound
in vivo. Figure 2B also shows that mice treated during 12 days with
TDZD-8 presented tumors with elevated active caspase-3 expres-
sion, compared with vehicle-treated animals, indicating that
TDZD-8 promoted apoptosis of glioma cells in vivo.
TZDZ-8 decreases cell proliferation and survival in vitro
To understand the mechanism by which TDZD-8 inhibits tumor
growth, we initially tested its antiproliferative effect on GL261
glioblastoma cells analyzing BrdU incorporation. Exponentially
growing GL261 cells were exposed to 20 mM TDZD-8 for 24 and
48 h, and their proliferation was monitored. A significant decreased
in proliferation was observed in cells treated for both 24 and 48 h
with 20 mM TDZD-8 compared with untreated control cells
(Fig. 3A). Additionally, cell viability, measured by the MTT assay,
was significantly diminished in TDZD-8-treated cells (Fig. 3B),
compared to controls. Thus, TDZD-8 has an antiproliferative effect
on GL261 glioblastoma cells. This anti-proliferative effect of
TDZD-8 was also observed in other two human glioblastoma cell
lines, A172 (Fig. 3C, D) and U373 (Fig. 3E, F).
To further investigate the role of TDZD-8 in cell growth
inhibition, cell death was evaluated by active caspase-3 and
TUNEL analysis (Fig. 4). Treatment of GL261 cells at different
times with TDZD-8 resulted in an increase of apoptosis that was
evident by an increase in the abundance of cleaved caspase-3
(Fig. 4A). Yet again, this proapoptotic effect was also observed in
the A172 and U373 glioma cell lines. TUNEL analysis of GL261
cells showed a significant increase in the number of apoptotic cells
after TDZD8 treatment (Fig. 4C). Addition of the caspase
inhibitor N-benzoylcarbanyl-Val-Ala-Asp-fluoro methylketone
(zVAD-fmk) inhibited TDZD-8-induced caspase activation and
cell death (Fig. 4B, C). Altogether, these results indicate that
TDZD-8 treatment led to a growth arrest of glioblastoma cells by
a diminution of cell proliferation and an induction of apoptosis.
Effects of TDZD-8 on the mitogen-activated protein
kinase (MAPK) pathway and NF-kB activation
We next investigated possible signaling pathways involved in the
TDZD-8 anti-proliferative effects on glioblastoma cells. Activation
of ERK has been associated with a diminution of cell survival in
different tumor cell lines, including glioblastoma cell lines
[23,24,25]. Therefore, we next investigated the possible involve-
ment of this pathway in the anti-proliferative and pro-apoptotic
effects of TDZD-8 described here. First, we evaluated the
phosphorylation status of ERK1/2. As can be seen in Figure 5A,
ERK1/2 become rapidly phosphorylated after TDZD-8 treatment.
Next, we examined the expression of two genes known to play an
important role in cell growth and which are downstream targets of
the ERK cascade [26], the early growth response -1 (EGR-1) gene
and p21. An increase in the expression of both genes was observed 1
and 2 hours after TDZD-8 addition to GL261 cells (Fig. 5A). In
addition to this rapid effect, we also detected a sustained activation
of ERK1/2 and a sustained increase of p21 (Fig. 5B, C). Since the
ribosomal S6 kinase (p90RSK) is a well-known target of ERK
[27,28] and activated p90RSK can inactivate GSK-3b by
phosphorylation at Ser9, we then analyzed the effect of TDZD-8
treatment on the phosphorylation status of these enzymes. As shown
in Figure 5B an increase in phosphorylation of p90RSK at Ser380
and GSK-3b at Ser9 was detected 24 hours after TDZD-8
treatment. Noteworthy, although the increase in phosphorylation
of ERK1/2 is not as high as the one observed at shorter time points
(Fig. 5A) this enhancement is consistent and sufficient to initiate the
signaling cascade leading to activation of their target p90RSK and
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subsequent inactivation of GSK-3b. To further substantiate the
notion that the ERK/p90RSK pathway is involved in the
phosphorylation of GSK-3b after TDZD-8 treatment, we used
the PD98059 inhibitor to block this pathway. Our results show that
addition of PD98059 significantly inhibited the phosphorylation of
GSK-3b at Ser9, suggesting that activation of the ERK pathway
plays a major role in the phosphorylation and concomitant
inactivation of this enzyme [29].
Since it has been also shown that GSK-3b regulates tumor cell
survival through a NF-kB-dependent pathway [7,30] we next
tested whether GSK-3b inhibition by TDZD-8 could affect NF-kB
activity in GL261 cells. To this end, we performed transient
Figure 1. Effects of TDZD-8 treatment on tumor growth in vivo. (A) Representative T1 magnetic resonance imaging (MRI) pictures obtained form
mice injected with GL261 and treated with TDZD-8 (5 mg/Kg). T1-weighted imaging was performed at 7 Tesla as described in Materials and Methods at
different times after injection. (B) Representative photographs of GL261 tumors 24 days after implantation are shown. (C) Quantitative analysis of total
tumor volumes. Values represent the mean6 SD from five different animals. (D) Kaplan-Meier plots and log-rank statistics analysis of overall survival reveal
that TDZD-8 treatment significantly improves survival of tumor-bearing mice compared with their non-treated controls (log-rank test p= 0.006).
doi:10.1371/journal.pone.0013879.g001
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Figure 2. Histological and immunohistochemical analysis of tumors induced by GL261 glioblastoma cells. (A) Representative
hematoxylin-eosin stained sections of tumors at 12 and 24 days after injection. Insets show higher magnifications of images shown in the upper
panels. Tumors derived from control animals showed clear mixoid matrices (arrows), multinucleated malignant and pleomorphic cells (asterisks), and
numerous mitotic figures (arrowheads). (B) Immunohistochemical study of tumor sections for PCNA and active caspase-3 detection 12 days after
injection of GL261 cells. Insets show a higher magnification of the images shown in the upper panels. Scale bars, 300 mm. Insets scale bars, 25 mm.
Quantification of the number of active caspase-3 and PCNA positive cells was evaluated in tumor sections and values expressed as mean 6 SD.
positive cells/field. ***p#0.001.
doi:10.1371/journal.pone.0013879.g002
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transfection assays using a reporter construct that contains three
copies of the consensus NF-kB response element (3xKBtk-luc) to
determine NF-kB activity in control and TDZD-8-treated cells. As
shown in Figure 5D, TDZD-8 inhibited NF-kB activity, which is
in accordance with previously published data [31,32].
Effect of TDZD-8 on glioblastoma stem cells
The emerging cancer stem cell model suggests that tumors are
organized in a hierarchy with a subpopulation of cancer stem cells
(CSCs) responsible for tumor maintenance and progression.
Therefore, we determined whether TDZD-8 could also exert an
Figure 3. Effect of TDZD-8 treatment on cell proliferation and survival in different glioblastoma cell lines. GL261 (A, B), A172 (C, D) and
U373 (E, F). (A, C, E) Proliferation rates determined by a BrdU incorporation assay. Tumoral cells were seeded into individual wells of a 96-well plate
and cultivated for 24 and 48 h in the presence or absence of TDZD-8 after which BrdU was added to the culture medium. Cells were harvested 16 h
after BrdU addition. Indicated are the means 6 SD measured. (B, D, F) Cells were seeded in a 96-well plate and at different times after plating cell
viability was determined by the MTT assay, as indicated in Materials and Methods. Values are the means 6 SD of at least three different experiments.
doi:10.1371/journal.pone.0013879.g003
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Figure 4. Effect of TDZD-8 treatment on apoptosis. (A) Different glioblastoma cell lines were grown on glass coverslips, treated with TDZD-8
for different times and active caspase-3 was analyzed by immunofluorescence using a specific anti-active caspase-3 antibody. (B) GL261 glioblastoma
cells were grown for 24 h on glass coverslips, treated with TDZD-8 or TDZD-8 plus zVAD-fmk and active caspase-3 was analyzed by
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antiproliferative effect on progenitor glioblastoma stem cells by
analyzing its effect in GBM-derived neurospheres. It has been
shown that the major intermediate filament protein Nestin could
be used as a marker of brain CSCs as well as normal neural stem
and precursor cells [33,34,35,36]. Therefore, as a first step to
establish if TDZD-8 could affect the CSC population in GL261
glioblastoma cells, we examined its effect on the expression of
Nestin in adherent cultures of GL261 cells. The results shown in
Figure 6A reveal a significant reduction in the protein levels of
Nestin in those cultures treated with TDZD-8, which could
Figure 5. TDZD-8 activates the ERK signaling pathway. (A, B) GL261 cells were treated or not with TDZD-8 for different times and then stained
with the corresponding primary antibodies. Some cultures were pretreated for 1 h with the ERK inhibitor PD98059. (C) Quantification of the kinetic
induction of p21 by TDZD8. (D) A reporter assay was performed to measure the transcriptional activity of NF-kB. GL261 cells were transfected with
3xNF-tk-luc reporter construct for 48 h in the presence or absence of TDZD-8 and luciferase activity was measured.
doi:10.1371/journal.pone.0013879.g005
immunofluorescence using a specific anti-active caspase-3 antibody. Scale bar, 25 mm. (C) GL261 glioblastoma cells were grown for 24 h on glass
coverslips, treated with TDZD-8 or TDZD-8 plus zVAD-fmk and TUNEL analysis was performed. Representative immunofluorescence images are
shown. Scale bar, 25 mm. Quantification of TUNEL-positive cells 24 h after TDZD-8 treatment is shown in the right panel. B, basal non-treated cells.
Values are the means 6 SD of at least three different experiments.
doi:10.1371/journal.pone.0013879.g004
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indicate a loss of stem cells induced by this compound. To further
elucidate this point, we examined the effects of TDZD-8 on the
formation and growth of GL261-derived neurospheres (primary
neurospheres). First, we analyzed the levels of two well-known
stem cell markers such as musashi-1 and oct-4 in adherent GL261
cells and neurosphere cultures. As shown in Figure 6B an
increased amount of these proteins was observed in the neuro-
spheres indicating an increased population of stem cells in these
cultures, compared with attached GL261 cells. Next, we studied if
TDZD-8 could affect the CSC population in GL261 glioblastoma
cells. Figure 6C shows that TDZD-8 inhibited the formation of
primary neurospheres. We observed a significant decrease, at both
7 and 14 days of culture, in the number and volume of TDZD-8-
treated neurospheres, compared with controls. To more strin-
gently test the effect of TDZD-8 on the ability of GBM cells to
generate new spheres, actively growing 7 day-old GL261-derived
primary neurosphere cultures were dissociated, and equal
numbers of viable cells were replated in fresh neurosphere
medium to generate new neurospheres (secondary neurospheres).
Treatment of these cultures with TDZD-8 almost completely
blocked the formation of secondary neurospheres (Fig. 6D).
Additionally, when primary TDZD-8-treated cultures were
dissociated and cultured again for 7 days in the absence of
TDZD-8, no formation of secondary neurospheres was observed
(data not shown). Finally, to test for the effect of TDZD-8 on the
self-renewal of the neurosphere cultures, we dissociated established
7 day-old primary neurosphere cultures, plated them at a very low
density [37], and analyzed the capacity to form secondary spheres.
As shown in Figure 6E cultures treated with TDZD-8 did not give
rise to secondary neurospheres 7 and 14 days after plating,
indicating that these cultures did not contain self-renewing stem
cells.
Figure 6. Effect of TDZD-8 on neurosphere formation. (A) Representative Western blot showing Nestin expression in adherent GL261 cells treated
with TDZD-8. (B) Representative Western blot of stem cells markers musashi-1 and oct-4 in adherent GL261 and neurospheres cultures 7 days after plating.
(C) Representative microphotographs of primary neurosphere cultures 7 and 14 days after plating in neurosphere medium. D) Primary neurospheres were
dissociated and plated to analyze secondary neurosphere formation. Representative microphotographs are shown. (E) Representative microphotographs
showing self-renewal capacity of neurosphere cultures growing in the presence or absence of TDZD-8. Scale bar, 100 mm.
doi:10.1371/journal.pone.0013879.g006
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Discussion
In this study, we show for the first time that TDZD-8 suppresses
the growth of glioma tumors in vivo and exerts anti-proliferative and
pro-apoptotic activities in glioma cells in vitro. These effects were
accompanied by an activation of the ERK/p90RSK pathway, a
concomitant phosphorylation and inactivation of GSK-3b, and an
inhibition of NF-kB activity. Finally, our data showing that TDZD-
8 decreases the formation of neurospheres, both at low and high cell
density, suggest that this drug could have an inhibitory effect on
glioblastoma stem cells proliferation and self-renewal. Collectively,
our findings suggest that TDZD-8 might be of therapeutic
importance for the treatment of high-grade gliomas.
Previous studies have implicated GSK-3b in tumorigenesis.
GSK-3b activation has been associated with prostate cancer
progression and TDZD-8 has an inhibitory effect in these tumor
cells [9]. Also, GSK-3b inactivation induces a p53-dependent
apoptotic pathway resulting in a diminished colorectal cancer cell
growth [10,38]. More recently, it has been shown that TDZD-8
inhibits proliferation and induces death of myeloma cell lines [39]
and of malignant myeloid progenitors, while sparing normal
hematopoietic tissue [18]. In the case of tumors from the central
nervous system, contradictory results have been reported.
Kotliarova et al. using different glioma cell lines have shown that
GSK-3b activation promotes cell survival [30], whereas Ma et al.
[40] have shown that GSK-3b activation is required for the
induction of apoptosis in SK-N-MC neuroblastoma cells. Our data
are in agreement with the results obtained by Kotliarova et al, here
we clearly show that the inactivation of GSK-3b by TDZD-8
inhibits glioblastoma tumor growth in vivo. Thus, tumor
development was significantly delayed and animal survival
improved (p=0.006) in mice injected with this compound.
Moreover, TDZD-8 tumors lacked the aggressiveness of control
tumors, including necrotic foci and a higher mitotic activity.
In view of the pleiotropic effects of TDZD-8, it is very likely that
different mechanisms can be underlying its action. Initially
TDZD-8 was synthesized as a high affinity ATP-non-competitive
inhibitor of GSK-3b [11,12]. However, recently, several lines of
evidence indicate that a GSK-3b-independent mechanism may be
involved in TDZD-8 actions. Guzman et al have suggested that
the activity of TDZD-8 can be independent of this inhibition since
other known GSK-3b inhibitors fail to induce leukemia-specific
cell death [18]. In this regard, we have shown that other TDZD
compounds exert anti-inflammatory and neuroprotective effects in
the brain through activation of the nuclear receptor PPARc
[41,42]. Here, we show that TDZD-8 rapidly activates ERK
signaling pathway, which promotes EGR1 expression and an
increase in p21 levels. Given the fact that this activation is very
fast, it is very unlikely that it could be mediated trough activation
of PPARc. Our findings further corroborate other studies showing
that an activation of MAPK signaling pathway in U-87MG glioma
cells leads to a proliferation arrest mediated by an increase in
EGR-1 expression which concomitantly stimulates p21 transcrip-
tion [26]. In addition, we also show a delayed activation of ERKs
in response to TDZD-8, which is followed by a phosphorylation
and activation of p90RSK, a well-known target of these kinases
[27,28]. This activation results in a phosphorylation and
inactivation of GSK-3b [29]. These results are in agreement with
previously published data showing that an activation of ERK is
associated with a diminution of cell survival in different tumor cell
lines, including glioblastoma cell lines [23,24,25]. Our results
therefore suggest that TDZD-8 can inhibit GSK-3b activity not
only by directly interacting with this enzyme but also through its
phosphorylation at Ser9 via MAPK pathway activation.
It has been reported that inhibition of GSK-3b by different
compounds, including TDZD-8, causes an inactivation of NF-kB
activity [31,32] and Kotliarova et al have shown that several small
molecular inhibitors of GSK-3b activity inhibit glioma cell survival
in part through a decrease in intracellular NF-kB activity [30].
Consistent with these data we also show here that treatment of
GL261 glioma cells with TDZD-8 led to a decrease in NF-kB
activity within these cells. In this regard, other groups have shown
that survival of different tumor cells depends on GSK-3b activity
trough a NF-kB-dependent pathway [7,43,44].
There is mounting evidence that neural stem cells can be
transformed into cancer stem cells and give rise to malignant
gliomas by escaping the mechanisms that control proliferation and
programmed differentiation [45,46,47]. Several data implicate
glioma stem cells in tumor maintenance and therapeutic resistance
[48,49,50], in consequence the discovery of putative brain tumor
stem cells identifies a new cellular target that might be susceptible
to novel treatments. Our results suggest that, in addition to have
an inhibitory effect upon the bulk of glioblastomas, TDZD-8 could
also inhibit cancer stem cell growth. Treatment with TDZD-8
resulted in an inhibition of neurosphere formation in culture.
TDZD-8 inhibited the proliferation and expansion of these
neurospheres and hampered their capacity of self-renewal. One
feature that contributes to the ability of a stem cell to survive is its
inherent resistance to drugs; in this regard our results are
particularly important since they suggest that TDZD-8 could
reduce the tumor-initiating cells. Our results provide compelling
evidence that TDZD-8 is able to both inhibit the bulk of the
tumor, characterized by actively cycling cells, and to hinder the
growth of neural stem cells characterized by a low rate of division.
In summary, we have presented here the first evidence that
TDZD-8 inhibits gliomagenesis and targets glioma stem-like cells
and thus may hold promise for treatment of human gliomas.
Materials and Methods
Animal Experiments
Adult male C57BL/6 mice (n=10 per group) were anaesthe-
tized by intraperitoneal injection of ketamine (60 mg/Kg) and
medetomidine (0.125 mg/Kg) and positioned in a stereotaxic
apparatus (Kopf Instruments, CA). To establish intracranial
tumors GL261 cells (125,000 cells) were implanted unilaterally
into the right hemisphere using the following coordinates from
Bregma: posterior 21.06 mm; lateral 3 mm and a depth of 3 mm,
according to the atlas of Paxinos and Franklin [51]. The mice were
then housed individually to recover. One day after implantation of
GL261 cells, two groups of mice were injected daily intraperito-
neally with 5 mg/Kg of TDZD-8 (Sigma) or DMSO (control
group) during 22 days. In other group of animals, treatment with
TDZD-8 was started 6 days after implantation of GL261 cells,
during 7 days. All procedures with animals were specifically
approved by the ‘Ethics Committee for Animal Experimentation’
of the Instituto de Investigaciones Biomedicas (CSIC-UAM),
permit number PN 2007/108, and carried out in accordance with
the protocols issued which followed National (normative 1201/
2005) and International recommendations (normative 86/609
from the European Communities Council). Special care was taken
to minimize animal suffering.
Magnetic Resonance Imaging
Magnetic Resonance Imaging (MRI) was performed using an
MRI scanner (Bruker PharmaScan 7.0T, 16 cm; Bruker Medical
Gmbh, Ettlingen, Germany). Mice brain MRI was performed with
a 90 mm gradient insert and a concentrical 38 mm birdcage
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resonator, using Paravision v4.0 software (Bruker Medical Gmbh,
Ettlingen, Germany) as implemented in a Hewlett-Packard
console, operating on a Linux platform. MRI examinations used
adult male C57BL/6 mice (n$10 per group) anaesthetized
through a plastic mask with 2% isofluorane in 99.9% O2. Animals
were allowed to breath spontaneously during the experiment and
were placed in a heated cradle to maintain the core body
temperature at approx. 37uC. The physiological state of the
animal was monitored throughout MRI acquisition through the
respiratory rate using a Biotrig physiological monitor (Brucker).
Gadolinium-DTPA-enhanced T1-weighted spin-echo images were
acquired at 8, 10, 13 and 20 days after injection with a Rapid
Acquisition with Relaxation Enhancement (RARE) [52] sequence
in axial orientations (TR: 350 ms, TE: 10.6 ms, averages: 4, FOV:
2.30 cm, acquisition matrix: 2566256, slice thickness: 1.00 mm,
number of slices: 16). The in vivo spectroscopy protocol acquired
two 3x3x3 mm voxels in the striatal area, using a Point-Resolved
Spatially Spectroscopy (PRESS) [53] protocol, combined with
VAPOR water suppression, [54](TR: 3000 ms, TE: 35 ms,
averages: 128). Tumor area was calculated from T1-weighted
images using Image J Software. Tumor volume was estimated
from the summation of tumor areas on each slice, multiplied by
slice thickness. Average lesion volume was calculated for each
condition.
Histology and Immunohistochemistry
Brains were dissected and embedded in paraffin. Sections of
10 mm thickness were prepared and stained with haematoxylin
and eosin. Paraffin embedded sections, were also used for
detecting proliferation and apoptosis in tumors. First, sections
were deparaffinized in xylene and rehydrated in graded concen-
trations of ethanol. Endogenous peroxidase activity was blocked by
incubation in H2O2 and after several rinses in PBS, antigen
retrieval was performed by microwaving slides in citrate buffer.
Once non-specific binding sites were blocked for 1 hour at room
temperature, sections were incubated in humid chamber at 4uC
overnight with anti-active caspase-3 (1:200, R&D Systems) and
anti-PCNA (1:50, Signet Laboratories). After several rinses,
sections were incubated for 1 h with a biotinylated secondary
antibody and finally processed following the avidin-biotin protocol
(Vectastain ABC kit; Vector Laboratories). Tissues were mounted
onto gelatin-coated slides, dehydrated, cleared in xylene, and
mounted with DePeX (Serva, Heidelberg, Germany). The slides
were examined under a Zeiss (Oberkochen, Germany) Axiophot
microscope, equipped with an Olympus Optical (Tokyo, Japan)
DP-50 digital camera, and a Leica (Nussloch, Germany) MZ6
modular stereomicroscope. For the quantification of active
caspase-3 and PCNA expression, the number of positive cells
was quantified in 20 random fields at x400 magnification. Data
were expressed as mean 6 SD positive cells/field.
Cell culture and treatment
GL261 murine glioblastoma cells were obtained from the NCI-
Frederick Cancer Research Tumor Repository (Frederick, MD)
and propagated in RPMI medium with 10% fetal bovine serum as
described [55]. A172 and U373 human glioblastoma cell lines
were obtained from Dr. Manuel Guzman (Complutense Univer-
sity, Madrid, Spain) and propagated in DMEM with 10% FBS.
On attaining semiconfluence, and based in dose-response analysis
(see Fig. S2), cells were treated with 20 mM TDZD-8, a dose
widely used in the literature [18,56], for different time intervals.
Following treatment cells were processed for western blot and
immunocytochemical analysis.
For neurosphere formation GL261 cells were plated and grown
in regular medium (RPMI, 10% FBS, glutamine, gentamicine and
fungizone). Two days after plating, supernatant was collected and
replated in a defined serum-free tumor sphere medium formed by
Ham’s F-12/Dulbecco’s modified Eagle’s medium (1:1) supple-
mented with B27 (Invitrogen, Carlsbad, CA), 20 ng/ml epidermal
growth factor (EGF, Peprotech, EC) and 20 ng/ml fibroblast
growth factor (FGF, Peprotech, EC). After 1 week in culture some
primary neurosphere cultures were treated with TDZD-8 (10 mM)
for another 1 week. These primary neurospheres were then
dissociated, and 50,000 cells/ml were replated in proliferative
conditions, in the absence or presence of TDZD-8, for another 7 or
14 days to score the number of secondary neurospheres generated.
For self-renewing experiments, primary neurospheres were dissoci-
ated and plated at a density of 2,000 cells/ml for another 7 or 14
days in proliferative medium containing or not TDZD-8. These
assays were repeated at least three times in triplicate.
Proliferation assays
The effect of TDZD-8 on cell proliferation was determined
using the non-radioactive BrdU-based cell proliferation assay
(Roche) according to the manufacturer’s protocol. Cells were
seeded in triplicate onto 96-well plates at a density of 2,000 cells/
well. After 24 h of growth, cells were treated with 20 mM TDZD-
8, 16 h later 10 mM BrdU was added and cells were cultured for
another 16 h. BrdU incorporation into the DNA was determined
by measuring the absorbance at both 370 and 492 nm on an
ELISA plate reader.
Cell viability was measured using the MTT assay (Roche
Diagnostic, GmbH), based on the ability of viable cells to reduce
yellow MTT to blue formazan. Briefly, cells were cultured in 96-
well microlitre plates for various periods of time in the presence or
absence of 20 mM TDZD-8, then cells were incubated with MTT
(0.5 mg/ml, 4 h) and subsequently solubilized in 10% SDS/0.01
M HCl for 12 h in the dark. The extent of reduction of MTT was
quantified by absorbance measurement at 550 nm according to
the manufacturer’s protocol.
Immunoblot analysis
Cultured cells, both adherent and floating cancer stem cells, were
harvested and lysed in ice-cold RIPA buffer and equal quantities of
total protein were separated by 10% SDS-PAGE. After electro-
phoresis, proteins were transferred to nitrocellulose membranes
(Protran, Whatman, Dassel, Germany) and blots were probed with
the indicated primary antibodies, as previously described [57]. The
antibodies used were the following: rabbit polyclonal anti-p-ERK1/
2 (1:1000, Cell Signaling), rabbit polyclonal anti-ERK1/2 (Cell
Signaling), rabbit polyclonal anti-p90RSK (1:1000, Cell Signaling),
rabbit polyclonal anti-p-GSK-3b (1:500, Cell Signaling), mouse
monoclonal anti-GSK-3b (1:250, BD Transduction), rabbit poly-
clonal anti-EGR-1 (1:1000, Santa Cruz Biotechnology), rabbit
polyclonal anti-p21 (1:1000, Abcam), rabbit polyclonal anti-
Musashi 1 (1:1000, Abcam), rabbit polyclonal anti-Oct-4 (1:500,
Santa Cruz Biotechnology), rabbit polyclonal anti-Nestin (1:2000;
kindly provided by Dr. M. Vallejo, Instituto de Investigaciones
Biome´dicas, Madrid, Spain), and mouse monoclonal anti-a-tubulin
(1:5000, Sigma). Secondary peroxidase-conjugated donkey anti-
rabbit and rabbit anti-mouse antibodies were from Amersham
Biosciences (GE Healthcare, Buckinghamshire, England) and
Jackson Immunoresearch, respectively.
Immunocytochemical staining
At the end of the treatment period the cultures, grown on glass
cover-slips in 24-well cell culture plates, were washed with PBS
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and fixed for 30 min with 4% paraformaldehyde at 25uC and
permeabilized with 0.1% Triton X-100 for 30 min at 37uC. After
1 h incubation with the corresponding primary antibody: anti-
active caspase-3 (1:500, R&D Systems) cells were washed with PBS
and incubated with an Alexa-labeled secondary antibody (Invitro-
gen, San Diego, CA) for 45 min at 37uC. Images were acquired
using a Radiance 2100 confocal microscope (Bio-Rad, Hercules,
CA), with a 350 nm diode laser to excite DAPI (4,6,diamidino-2-
phenylindole) and a 488-Argon laser to excite Alexa 488. Confocal
microscope settings were adjusted to produce the optimum signal-
to-noise ratio. To compare fluorescence signals from different
preparations, settings were fixed for all samples within the same
analysis.
Determination of apoptotic cells
To calculate the extend of cell death, cells were treated or not
with TDZD-8 and TUNEL analysis were performed following the
manufacturer’s recommendations. Caspase-3 activation was
analyzed by immunofluorescence analysis using a specific anti-
active caspase-3 antibody. Some cultures were treated with the
caspase inhibitor z-VAD-fmk.
Transient transfections
For transient transfection experiments, semi-confluent GL261
cells were transfected with the 3xNFtk-luc reporter plasmid as
previously described [58]. Forty-eight hours after transfection, cells
were harvested for luciferase and-b-galactosidase (to determine
transfection efficiency) activities by using a reporter assay system
(Promega, Madison, WI). Each transient transfection experiment
was repeated at least three times in triplicate.
Statistics
Other than the survival experiments, Student’s test was used to
analyze statistical differences between the different groups.
Survival curves were plotted with Kaplan-Meier method and
survival for the two groups of animals was studied using log-rank
test. Differences were considered statistically significant at p,0.05.
Supporting Information
Figure S1 Effects of TDZD-8 administered after tumor is
established. Representative T1 magnetic resonance imaging (MRI)
pictures obtained from mice treated with TDZD-8 from day 6
after GL261 cells injection. T1-weighted imaging was performed
at 7 Tesla as described in Materials and Methods. The arrow
indicates the day the treatment was initiated.
Found at: doi:10.1371/journal.pone.0013879.s001 (1.16 MB TIF)
Figure S2 Cell viability in TDZD-8-treated cells. GL261
glioblastoma cells were incubated with various concentrations
of TDZD-8 and viability was assessed by the MTT assay, as
indicated in Materials and Methods. Values are the means 6 SD
of at least three different experiments.
Found at: doi:10.1371/journal.pone.0013879.s002 (0.07 MB TIF)
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Thyroid hormones are essential for normal brain development, andmultiple alterations at behav-
ioral, cognitive, cellular, and molecular levels have been described in animals made hypothyroid
during development. Here we analyzed the effect of developmental hypothyroidism in the rat on
the sensitivity to kainic acid-induced limbic seizures and the expression of kainate receptors in the
hippocampus. Our results show that hypothyroid rats are extremely sensitive to the proconvulsant
and neurotoxic effects of kainic acid (KA). Hypothyroid rats entered in status epilepticus at a dose
of KA three times lower than that required to reach status epilepticus in control animals. In ac-
cordance with this, high levels of glial activation and neuronal loss after low KA dose injections
were observed only in the hippocampus of hypothyroid rats. These effects correlated with an
increased expression of kainate receptor subunits, excluding GluR5, in the hippocampus of hypo-
thyroid animals. The concentrations of GluR6, GluR7, KAR1, and KAR2 (ionotropic glutamate
receptor subunits of the kainic acid subtype) mRNAs were increased between 50 and 250% in
hypothyroid animals relative to the values in controls. In agreement with these results, Western
blot and immunohistochemical analysis showed a clear increase in the hippocampal content of
GluR6/7 proteins in hypothyroid animals. (Endocrinology 151: 3267–3276, 2010)
Thyroid hormones (T4 andT3) play an important role inthe development andmetabolismofmanymammalian
tissues. Most of their actions are mediated by the binding
of T3 to specific nuclear receptors that are ligand-depen-
dent transcription factors that bind to specific DNA se-
quences in target genes, called thyroid hormone-response
elements, and regulate transcription initiation (1, 2).
Hence, the regulation by thyroid hormone of the expres-
sion of a limited number of genes in the target tissues
represents the main mechanism of action of these hor-
mones. Thyroid hormone receptors belong to the nuclear
receptor superfamily that is one of the largest families of
transcription factors, which include, among others, the
receptors for steroidhormones, retinoids, vitaminD3, per-
oxisomal proliferators, and many other transcription fac-
tors without known ligand (orphan receptors) (1). The
transcriptional activity of this family of proteins is regu-
lated by ligand-dependent and ligand-independent mech-
anisms (3) and participate in a broad range of physiolog-
ical and cellular functions.
The brain is an important target for thyroid hormone
action, as shown by numerous clinical and experimental
data (4, 5). The expression of thyroid hormone receptors
in the rat brain increases rapidly after birth, reaching the
highest value by d 6 of postnatal life (6, 7). In agreement
with this, it is during the perinatal period that the conse-
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quences of hypothyroidism are more dramatic and results
in numerous alterations, such as reduction in dendritic
arborization of cerebellar Purkinje cells; impairment of
nerve process development; poor connectivity amongneu-
rons; changes in microtubule content; and impaired my-
elin deposition, cell migration, and synaptogenesis (5).
Many of these alterations become permanent unless an
appropriate replacement therapy with thyroid hormones
is started very soon after birth. Not all the areas in the
brain are equally sensitive to the action of these hormones,
and this sensitivity depends on the developmental stage of
the animals. Therefore, marked differences, in the re-
sponse to thyroid hormones, have been observed in dif-
ferent areas and at different developmental ages (8–10).
The hippocampus is indeed an area sensitive to the ac-
tionof thyroidhormones, bothduringdevelopment and in
adults, as shown by numerous clinical and experimental
data. In humans, when hypothyroidism occurs during the
developmental period, irreversible and severe cognitive
deficits andmorphological alterations in thehippocampus
are observed (11, 12). These effects are less severe when
hypothyroidism arises in the adult life, during which mi-
nor and reversible cognitive deficits and mood disorders
are observed (13). Related with these symptoms, a de-
crease in glucose metabolism in diverse brain areas, in-
cluding the hippocampus, has been described in adult hy-
pothyroid patients (14). All these symptoms are reversed
by an appropriate thyroid hormone therapy. In experi-
mental animals, developmental hypothyroidism has been
associated with morphological, electrophysiological, and
biochemical alterations in the hippocampus. A reduction
in the number and maturation of both glial and neuronal
populations have been described in specific layers of the
hippocampusof hypothyroid rats (4, 15, 16) togetherwith
marked alterations of synaptic transmission and plasticity
and gene expression (17–20). Many of these changes be-
come permanent unless an appropriate therapy is applied.
In adult-onset hypothyroidism, diverse neurological alter-
ations also have been described in the rat hippocampus.
Memory deficits in hypothyroid animals have been asso-
ciated with long-term potentiation impairment in CA1
(21) and decreased hippocampal neurogenesis could con-
tribute to depressive-like behavior (22).
A possible role of thyroid hormones in rendering the
brain more susceptible to alterations similar to epilepsies
derives from clinical cases of dysthyroidism associated
with seizures (23–28). Experimental evidence also indi-
cates that dysthyroidism lowers the seizure threshold (29,
30). Additionally, genetically epilepsy-prone rats are hy-
pothyroid (31), and mice prone to audiogenic seizures
have postnatal levels of thyroid hormone higher than con-
trol mice; treatment with antithyroid drugs improves this
condition and T3 worsens it (32).
The neurotoxin kainic acid (KA) is a potent agonist of
the kainate receptors, although also can act through other
ionotropic glutamate receptors. Systemic or brain admin-
istration of this toxin produces convulsion and can render
animals susceptible to unprovoked recurrent seizures, re-
sembling some of the features of human temporal lobe
epilepsia such as hippocampal sclerosis (33). Besides KA,
other pharmacological agents, frequently used to induce
limbic seizures and extensive hippocampal damage, in-
clude the cholinergic agonist pilocarpine, probably the
most frequently usedmodel of temporal lobe epilepsy, and
the secretion of -aminobutyric acid (GABAergic) antag-
onist pentylenetetrazole (PTZ) (34).
In this work, we analyzed, in adult rats, the effect of
developmentally induced hypothyroidism on hippocam-
pal sensitivity to this neurotoxin and its possible causes.
Our results show a higher sensitivity of hypothyroid an-
imals to KA-induced limbic seizures and neurological
damage together with a parallel increase in the amount of
ionotropic glutamate receptor of the kainate type in the
hippocampus. These effects were not reversed by thyroid
hormone treatment because only minor improvements
were observed in hypothyroid rats treated with physio-
logical doses of thyroid hormones.
Materials and Methods
Materials
Methyl mercaptoimidazole, T4, T3, KA, pilocarpine, scopol-
amine, lithium chloride, and pentylenetetrazole were obtained
from Sigma Chemical Co. (St. Louis, MO). All other chemicals
were reagent grade or molecular biology grade.
Animal treatment
Female Wistar rats were mated and the day of appearance of
the vaginal plugwas considered as d0of fetal age.To induce fetal
and neonatal hypothyroidism, dams were given 0.02% methyl
mercaptoimidazole in the drinking water at d 12 of gestation.
This protocol ensures that the animals are hypothyroid, as
shown by the decrease growth rate and circulating levels of T3
(35). Methyl mercaptoimidazole treatment was continued
throughout the whole experimental period, and all studies were
conducted in adult-age rats. To determine the reversibility of the
effects caused by hypothyroidism, hypothyroid rats were daily
treatedwith a physiological combination of T4 [0.9g per 100 g
body weight (BW)] and T3 (0.2 g per 100 g BW) during 1 wk.
The corresponding hypothyroid controls received an equivalent
volume of physiological saline.
All animal related procedures were approved by the Labora-
tory Animal Care and Use Committee of the Universidad Com-
plutense de Madrid and were conducted in accordance with the
guidelines of the European Communities Council, Directive 86/
609/EEC. All efforts were made to minimize animal suffering
and reduce the number of animals used.
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Seizure induction
KAwas sc injectedat the indicateddoses and the animalswere
placed in individual plastic cages and monitored for 3 h. Video
recordingsweremadewith a black-and-white video camera. The
convulsive behaviorwas classified according to the accumulative
scale of Racine (36) and Sperk et al. (33), as follows: stage 0, no
changes; stage 0.5, wet dog shakes; stage 1, mouth and facial
movements; stage 2, head nodding; stage 3, forelimbs clonus;
stage 4, rearing; stage 5, rearing and falling; stage 6, death. Status
epilepticus (SE) was defined as continuous or intermittent be-
havioral seizure activitywithout recoveryof complete conscious-
ness (stages4–5)forat least30min.Behavioralseizureswerescored
by their latency (minutes) to onset of SE after KA injection.
Seizure induction by lithium-pilocarpine was as follows: the
day before the experiment the animals were ip injected with 128
mg/kg LiCl; 30 min before the first pilocarpine injection, the
animals were ip injected with scopolamine (1 mg/kg), and pilo-
carpine (10 mg/kg) was injected every 30 min (up to four injec-
tions maximum) until the animal reached SE (37). SE was
stoppedafter 1hwith ip injectionofdiazepam(4mg/kg). Finally,
the proconvulsant drug pentylenetetrazole was ip injected at a
subthreshold dose (35 mg/kg) and the convulsive behavior of
animals monitored as indicated.
Real-time PCR
Total RNA from the hippocampus was purified according to
themethod of Chomczynski and Sacchi (38), and samples (2g)
were used for the synthesis of cDNA with the RETRoscript kit
(Ambion, Austin, TX) using pd(N)6 random hexamer as prim-
ers.Real-timePCRwasperformed inABI Prismequipment using
the SYBR Green PCR master mix (Applied Biosystems, War-
rington, UK) and 300-nm concentrations of specific primers. In
all samples, each specific sequencewasmeasured at least twice in
triplicate. The primers used for the determination of the concen-
tration of the different transcripts were as follows: GluR5: TCA
AAA TCC GCC AGC TTC C and TGA GCA GAG GTT TGG
CGTCT;GluR6: CAGTCCATCTGCAACTGTCT andTTC
CAG CGG GTC TGT ATG TG;GluR7: CCG CAA GTC TGA
TAG GAC CC and CAG TAG CCC TCG AAC CGG T; KAR1
(ionotropic glutamate receptor subunits of the kainic acid sub-
type) : CAG CCC AGT GTG TTT GTG A and AAC ACC CTG
GCAATTCCCTC;andKAR2: TCTTGGGCTTTTCCATGT
TCA and CAA ACT CCG GGT AGA AGG GAT. All of them
synthesized DNA fragments of 51 bp. Amplification of the 18S
rRNA was used for normalization of cDNA loading in the PCR
as previously described (39).
In control hippocampus, random primer cDNA (dilution
1:10) gave cycle threshold values of around 26, 21, 22, 23, and
24 for GluR5, GluR6, GluR7, KAR1, and KAR2 transcripts,
respectively. In the case of 18S rRNA, a dilution of 1:1000 gave
cycle threshold values between 20 and 21.
Western blot analysis
Hippocampal tissueswere homogenized in radioimmunopre-
cipitation assay buffer and equal quantities of total protein sep-
arated by 10% SDS-PAGE and transferred to nitrocellulose
membranes (Protran; Whatman, Dassel, Germany). Blots were
probed with anti-GluR6/7 polyclonal antibody (Millipore, Bed-
ford, MA) and monoclonal anti--tubulin (Sigma). Immunore-
active bands were visualized using the ECL detection kit (Am-
ersham Biosciences, Inc., Buckinghamshire, UK) according to
themanufacturer’s instructions andquantified bydensitometry us-
ing ImagePro Plus software (Media Cybernetics, Carlsbad, CA).
Immunohistochemistry
The animals were anesthetized and perfused transcardially
with 4% paraformaldehyde solution. The brains were removed,
postfixed in the same solution at 4 C overnight, cryoprotected in
the paraformaldehyde solution containing 30% sucrose, and
kept at 70 C until used. Coronal sections (30 m) were ob-
tained in a cryostat and processed for cresyl violet (Nissl stain) or
immunohistochemistry using the diaminobenzidinemethod. For
thediaminobenzidinemethod, the sectionswere immersed for15
min in 3%H2O2 to inactivate endogenous peroxidase and then
blocked for 2 h at room temperature in 5% normal goat serum
(Vector Laboratories, Burlingame, CA) in PBS containing 4%
BSA, 0.1 M lysine, and 0.1% Triton X-100. Afterward the sec-
tions were incubated overnight with the corresponding primary
antibodies. After several rinses, sections were incubated for 1 h
with a biotinylated secondary antibody. Finally, the sections
were processed after the avidin-biotin protocol (Vectastain ABC
kit; Vector Laboratories). Tissues were mounted onto gelatin-
coated slides and were let to dry. Finally, the slides were dehy-
drated, cleared in xylene and mounted with DePeX (Serva,
Heidelberg, Germany). The slides were examined with a Zeiss
(Oberkochen, Germany) Axiophot microscope, equipped with
anOlympus Optical (Tokyo, Japan) DP-50 digital camera and a
Leica (Nussloch, Germany) MZ6 modular stereomicroscope.
Neuronal integrity was assessed by counting the number of Nissl-
positive cells in the CA3 region of the hippocampus in four inde-
pendent well defined high-magnification (400) fields per section
andinfivesectionsperanimalusingcomputer-assisted imageanaly-
SIS software (Soft Imaging System, Mu¨nster, Germany).
Astrogliosis was evaluated by quantifying the number of ac-
tivated cells [high glial fibrillary acidic protein (GFAP) immu-
nostaining] as described above and the intensity of GFAP stain-
ing in at least 100 cell bodies per animal. For this, randomly
chosen cells were manually traced and their mean staining in-
tensity was determined using computer-assisted image analySIS
software (Soft Imaging System).
The extent of microgliosis was quantified by counting the
numberofOX-42-positive cells in four independentwell-defined
high-magnification (400) fields per section and in four sections
per animal as described above.
The following primary antibodies were used: monoclonal anti-
cd11b (OX-42)andanti-GFAPantibodies (Serotec,Duesseldorf,
Germany) and Sigma, respectively, and polyclonal anti-GluR6/7
antibody. Before immunostaining with anti GluR6/7, tissue sec-
tions were boiled in 10 mM citrate buffer according to the man-
ufacturer’s instructions.
Statistical analysis
Data were analyzed by ANOVA, followed by Newman-
Keul’s test as post hoc or Student t test. The threshold of statis-
tical significance was set at P  0.05.
Results
Behavioral effects of KA in hypothyroid rats
We first analyzed in the three groups of rats (control,
hypothyroid, and hypothyroid treated with T4/T3) the be-
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havioral response to KA administration. As shown in Fig.
1A, the hypothyroid animals showed an increased sensi-
tivity to KA-induced limbic seizures, and almost all the
animals enter in SE at a dose as low as 3.75mg/kg BW.On
the contrary, at that dose none of the control animals
entered in SE, and only some animals showed early symp-
toms of KA action such as wet dog shakes. A time-course
response to adose of 3.75mg/kgofKA is shown inFig. 1B,
in which the difference between control and hypothyroid
animals is clearly observed. To test whether this higher
sensibility of hypothyroid animals toKAcouldbe reversed
by the administration of thyroid hormones, hypothyroid
rats were treated with T4/T3 during 1 wk as indicated in
Materials and Methods. This treatment has been previ-
ously shown to revert the effects of hypothyroidism on
different biochemical and behavioral parameters in these
hypothyroid adult rats (39). As can be observed in Fig. 1,
this treatment had no effect on the sensitivity to KA, as
determined by the dose-response curve (Fig. 1A). How-
ever, a longer latency to reach SE was observed in the
T4/T3-treated hypothyroid rats (76  7.5 min in hypo-
thyroid and 97  7.0 min in treated animals, P  0.01),
indicating a higher resistance to entrance in SE in these
animals.
Effect of hypothyroidism on KA-induced
neurological damage in the hippocampus
The KA-induced neurodegeneration was analyzed 72 h
after injectionof theexcitotoxinatadoseof3.75mg/kg.Our
results clearly show a dramatic reduction in the number of
neurons, particularly in the CA3 subfield of the hippocam-
pus, in the hypothyroid animals (Fig. 2). In hypothyroid an-
imals an 80% reduction in the number of neurons was ob-
servedinCA3(Fig.2B). Incontrast,at thisconcentration,KA
didnot causeanyneuronaldamage in the control animals. In
hypothyroid animals treated with T4/T3, the
loss of neurons after KA injection was slightly
lower (69%) than the one observed in the hy-
pothyroid group. These results are essentially
in accordance with the behavioral results de-
scribed in Fig. 1. In rats not injected with KA,
the same number of neuronswere observed in
the CA3 field among the three groups of ani-
mals analyzed (data not shown), indicating
that there are no differences in the number of
CA3 hippocampal neurons due to the thyroi-
dal stateof theanimal,which it is inagreement
with previously reported data (16).
Effect of hypothyroidism on
KA-induced glial activation in the
hippocampus
Glial activationwasanalyzed72hafterKA
(3.75 mg/kg) injection by determining the
number and intensity of GFAP-positive cells
and the number of cells stained with anti-
CD11b (OX-42). As can be seen in Fig. 3A, a
FIG. 1. Effect of hypothyroidism on KA-induced behavioral response.
Control (C), hypothyroid (H), and hypothyroid treated with T4/T3 (T)
rats were sc injected with the indicated doses of KA. The behavioral
response was observed for the following 3 h and rated as indicated in
Materials and Methods. A, Dose-response curve. B, Time-course
response to KA (3.75 mg/kg). Values represent the mean  SE from 15
different animals.
FIG. 2. Effect of hypothyroidism on KA-induced neuronal loss in the hippocampus.
Control (C), hypothyroid (H), and hypothyroid treated with T4/T3 (T) rats were injected
with KA (3.75 mg/kg) and 72 h later perfused transcardially with paraformaldehyde and
processed as indicated in Materials and Methods. A, Nissl staining. B, Quantification
analysis. Values represent the mean  SE from five different animals. ***, P  0.001 vs.
control; #, P  0.05 vs. hypothyroid rats.
3270 Gine´ et al. Hypothyroidism Regulates Kainate Receptors Endocrinology, July 2010, 151(7):3267–3276
high number of cells became intensively stained with GFAP
antibody as a consequence of the injection of KA in the hy-
pothyroid animals. This strong astrogliosiswas absent in the
control group. Previous treatment of the hypothyroid ani-
mals with T4/T3 significantly reduced the number of GFAP-
positive cells after KA injection (Fig. 3A). In addition to the
decrease in the number of GFAP-positive cells, also a de-
crease in the intensityof stainingof individual astrocyteswas
observed after T4/T3 treatment. In the treated group, the in-
tensity of GFAP staining was 65% of the average value ob-
served in untreated hypothyroid animals. Similar results
were observed for OX-42 staining (Fig. 3B). In control ani-
mals no OX-42-positive cells were observed after the injec-
tionofKA.Incontrast,hypothyroidrats showedahighnum-
ber of OX-42-positive cells. This dramatic increase in the
number of activated microglial cells was clearly reduced
when hypothyroid animals were previously treatedwith T4/
T3.ThenumberofOX-42-positive cells in the treatedgroups
was 45% of the number found in the untreated group.
Effect of hypothyroidism on the expression of
kainate receptor subunits
Because the actionofKA ismainlymediated through its
binding to ionotropic glutamate receptors of the kainate
FIG. 3. Effect of hypothyroidism on KA-induced glial activation in the hippocampus. Control (C), hypothyroid (H), and hypothyroid treated with
T4/T3 (T) rats were injected with KA (3.75 mg/kg) and 72 h later perfused transcardially with paraformaldehyde and processed as indicated in
Materials and Methods. A, Coronal sections stained with an anti-GFAP antibody and quantification of the number and staining intensity of reactive
astrocytes. B, Coronal sections stained with anti-OX-42 antibody and quantification of the number of reactive microglial cells. Values represent the
mean  SE in five different animals. *, P  0.05; ***, P  0.001 vs. control; #, P  0.05 vs. hypothyroid rats. DG, Denate gyrus.
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subtype, we analyzed the possible effect of congenital hy-
pothyroidism on the expression of genes coding for sub-
units of these receptors. As shown in Fig. 4A, with the
exception of GluR5, the amount of all the transcripts of
kainate receptor subunitswere increased in the hippocam-
pus of hypothyroid animals. This increase was more
patent for subunits GluR7 andKAR2 (Fig. 4A). The treat-
ment with T4/T3 did not normalize transcript concentra-
tion, suggesting that the effect of hypothyroidism cannot
be reversed by this late treatment with thyroid hormones.
Only a partial decrease in GluR7 transcript was observed
after treatment. In line with the increase in kainate recep-
tor transcripts, an increase in the amount of GluR6/7 pro-
tein was observed by Western blot and immunohisto-
chemistry in the hippocampus of hypothyroid animals
(Fig. 4, B and C). After quantification of the Western blot
data (Fig. 4C), a 5-fold increase in the amount of GluR6/7
protein was observed, which was partially reverted by
thyroid hormone treatment. In accordance with the
Western blot results, immunohistochemistry analysis
(Fig. 4D) revealed an increase in the expression of
GluR6/7 proteins in the hypothyroid rats, which was
partially reverted by thyroid hormone treatment. No
major differences in the localization of
these proteins were observed among
the three groups of animals.
Effect of hypothyroidism on
behavioral effects and
neurological damage induced by
pilocarpine and PTZ
Finally,we analyzed the effect of lith-
ium-pilocarpine and PTZ on seizure in-
ductionandneuronaldamage in control
and hypothyroid rats. Our results show
that hypothyroid animals are less sensi-
tive to the proconvulsant effect of pilo-
carpine than the control ones. As shown
in Fig. 5A, 40% of the control rats en-
tered in SE after two injections of pilo-
carpine; in contrast, none of the hypo-
thyroid rats entered in SE at that dose.
When the latency time (the time from
the first injection of pilocarpine to SE)
was calculated, a clear difference was
observed between both groups. Control
rats needed 79 4.5min and amean of
2.7 injectionsofpilocarpine to reachSE,
whereas hypothyroid animals required
110  7.5 min and an average of 3.7
injections (P  0.001). In the case of
PTZ, the hypothyroid rats were more
sensitive to the action of this drug. As
shown in Fig. 5B, all the hypothyroid rats reached con-
vulsive stage 4–5 after a single injection of a subthreshold
dose of PTZ (35 mg/kg); in contrast, none of the control
animals showed convulsive behavior. Regarding neuronal
loss in the hippocampus, lithium-pilocarpine-induced SE
caused extensive damage of pyramidal neurons in both
control and hypothyroid animals (Fig. 5C). On the other
hand, a single subthreshold dose of PTZ caused some dis-
organization in pyramidal cells layers only in the hypo-
thyroid animals, and no effect was observed in controls
(Fig. 5C). This is in agreement with the fact that only
hypothyroid animals showed convulsive behavior after a
single subthreshold dose of PTZ and that this effect was
brief and transitory and therefore insufficient to causema-
jor neuronal damage.
Discussion
In this work, we have shown that hypothyroid rats are
more sensitive to theKA-induced limbic seizures. Thiswas
accompanied by a higher expression, in the hippocampus,
of genes coding for kainate receptor subunits. Both effects
FIG. 4. Effect of hypothyroidism on the expression of kainate receptor subunits in the
hippocampus. Total RNA and proteins were extracted from the hippocampus of control (C),
hypothyroid (H), and hypothyroid treated with T4/T3 (T). Panel A, The amount of the
corresponding kainate receptor subunits was determined by quantitative PCR. Panel B,
Representative Western blots of GluR6/7. Panel C, Quantification of GluR6/7 protein by
Western blot. Panel D, Representative immunohistochemical staining of the hippocampus
with anti GluR6/7 antibody. Values represent the mean  SE from 10 and four different
samples in A and C, respectively. ***, P  0.001, **, P  0.01, *, P  0.05 vs. control;
#, P  0.05, ##, P  0.01 vs. hypothyroid rats.
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are basically irreversible because the administration of
physiological amounts of thyroid hormones to these ani-
mals has only a modest effect on the sensitivity to KA and
the expression of kainate receptor subunits. These results
suggest that an increased expression of kainate receptors
in the hippocampus could be the cause, or at least play an
important role, of the increased sensitivity toKAobserved
in developmental hypothyroid rats.
Multiple pharmacological, biochemical, and electro-
physiological data implicate kainate receptors, particu-
larly those present in the mossy fibers terminal, in the
induction of limbic seizures. KA facilitates excitatory syn-
aptic transmission at the mossy fibers (40), and this facil-
itation is GluR6 dependent, being absent in GluR6/
mice (41). Forcedoverexpressionof the fully editedGluR6
subunit in the hippocampus of the rat induces limbic sei-
zures (42). Conversely, the lesion of mossy fibers in rats
prevents the development of electrographic SE in response
to KA administration (43). In addition, other kainate re-
ceptor subunits could also play an important role in the
epilectogenic action of KA (34).
Our results, indicating that an increase in the expres-
sion of kainate receptors in the hippocampus could de-
crease the threshold of seizure induction, are
in agreement with results previously re-
ported by other authors. It has been broadly
described that antipsychotic medications
can reduce seizure threshold in some pa-
tients (44). Interestingly,Meador-Woodruff
et al. (45) have shown that treatment of rats
with clozapine, the second-generation anti-
psychotic drug most frequently associated
with seizures in humans, notably increases
the expression of GluR6 in all areas of the
hippocampus. Also, Rangel et al. (46) have
shown that mice lacking the cellular prion
protein expressed higher levels of GluR6 and
GluR7 in the hippocampus and showed en-
hanced susceptibility to KA-induced damage.
The induction of limbic seizures is a com-
plex process, and, besides ionotropicGluRs,
numerous genes have been implicated in
their development. Marked differences in
KA sensitivity have been described among
different mouse strains (47), and multiple
genes have been suggested to play a facilita-
tory or inhibitory effect on KA-induced lim-
bic seizures (48, 49). One of these genes is
neuropilin2, the semaphorin3 receptor.The
nullmutantmice for this genehavea reduced
hippocampal population of GABAergic in-
terneurons and aremore prone to limbic sei-
zure induction (50). In this regard, it is in-
teresting to note that the hippocampus of rats deprived of
thyroidhormones fromgestational d6until postnatal d30
have a decreased density of the parvalbumin subpopula-
tion ofGABAergic interneurons and that this deficit per-
sisted in adulthood (4). Thus, it is likely that both ef-
fects, a decreased population of parvalbumin neurons
and an increased expression of kainate receptors, could
contribute to the increased sensitivity to KA observed in
hypothyroid rats.
Relative to the possible effect of thyroid hormones on
the expression of kainate receptors, previous studies have
shown that an excess of thyroid hormones during the neo-
natal period induced an aberrant growth of mossy fiber
projections, in both the CA3 subfield and dentate gyrus of
the hippocampus,with a parallel increase in the number of
high-affinity binding sites for KA (51). Conversely, neo-
natal hypothyroidism reduced 43% high-affinity binding
of KA in the stratum lucidum, specifically in the ventral
hippocampus (52). These results are clearly in contrast
with ours because we observed an increase in the protein
levels of GluR6/7 in the hippocampus of hypothyroid
animals, including the stratum lucidum. The reasons for
FIG. 5. Effect of hypothyroidism on behavioral and neurotoxic effects of pilocarpine
and PTZ. Control (C) and hypothyroid (H) rats were treated with successive injections of
pilocarpine (maximum four injections) or a single injection of PTZ and behavioral and
neurotoxic effects analyzed as indicated in Materials and Methods. Panel A, Percentage
of rats in SE after the indicated dose of pilocarpine. Panel B, Behavioral score after PTZ
injection. Panel C, Representative Nissl staining of the hippocampus 72 h after the
indicated treatments.
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this discrepancy are unclear, but it has to be pointed out
that in the study by Savage et al. (52), the rats weremade
hypothyroid from gestational d 18 until postnatal d 31 and
then allow to recover until adulthood,whereas our animals
were permanently hypothyroid since gestational d 12.
Our results show that hypothyroidism induces the ex-
pression of all kainate receptor subunits with the excep-
tion ofGluR5. This is certainly an interesting observation,
and further detailed studies to assess the molecular mech-
anisms by which thyroid hormones specifically regulate
the expression of kainate receptor subunits arewarranted.
This generalized induction of kainate receptors in the hip-
pocampus of hypothyroid rats is quite specific for this
subfamily of ionotropic GluRs because it was not ob-
served when N-methyl-D-aspartate and 2-amino-3-hy-
droxy-5-methyl-4-isoxazol propionic acid receptor sub-
units were analyzed, and only the expression of a few
subunits was altered (data not shown). Regarding these
results, it is important to mention that GluR5, the only
subunit not affected by hypothyroidism, has a distinct cel-
lular expression in the hippocampus because it is ex-
pressed only in GABAergic neurons, in contrast with the
other kainate receptor subunits, which are mainly ex-
pressed in glutamatergic neurons (53).
The cholinergic agonist, pilocarpine, and the GABAergic
antagonist, pentylenetetrazole, are drugs frequently
used to induce limbic seizures. Here we show that con-
genital hypothyroid rats are more sensitive to PTZ, and
consequently, subthreshold doses of this drug, which
have no effect on control animals, are able to induce
seizure activity in hypothyroid rats. In contrast, hypo-
thyroid animals are less sensitive to pilocarpine admin-
istration, as shown by an increase in latency. This lower
sensitivity to pilocarpine in hypothyroid animals could
be the consequence of the well-established depressing
effect of developmental hypothyroidism on cholinergic
activity (54, 55).
Interestingly, Grigorenko et al. (56) suggested an im-
plication of GluR6 in human epilepsy. An increase in the
expression ofGluR6 and the percentage of the edited form
of this protein have been described in the hippocampus of
patients with refractory epilepsy (57). Also, it has been
shown that GluR6 mRNA is increased in the temporal
cortex of patients with hemimeganencephaly, which is
characterized by unilateral hemispheric enlargement, se-
vere cytoarchitectural abnormalities, and intractable
epilepsy (58). Moreover, in children with the rare
Sturge-Weber neurological syndrome, which courses
with seizure activity, a high incidence of central hypo-
thyroidism and a positive response to T4 therapy have
been described (59).
In summary, our results suggest that hypothyroidism,
through the regulation of kainate receptors, could favor
KA-induced limbic seizures and neurological damage.
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Abstract Besides the role of normal stem cells in organo-
genesis, cancer stem cells are thought to be crucial for tu-
morigenesis. Most current research on human tumors is fo-
cused on molecular and cellular analysis of the bulk tumor
mass. However, evidence in leukemia and, more recently,
in solid tumors suggests that the tumor cell population is
heterogeneous. In recent years, several groups have de-
scribed the existence of a cancer stem cell population in
different brain tumors. These neural cancer stem cells (NC-
SC) can be isolated by cell sorting of dissociated suspen-
sions of tumor cells for the neural stem cell marker CD133.
These CD133+ cells –which also express nestin, an inter-
mediate filament that is another neural stem cell marker–
represent a small fraction of the entire brain tumor popula-
tion. The stem-like cancer cells appear to be solely respon-
sible for propagating the disease in laboratory models. A
promising new approach to treating glioblastoma proposes
targeting cancer stem cells. Here, we summarize progress
in delineating NCSC and the implications of the discovery
of this cell population in human brain tumors.
Keywords
Introduction
The cancer stem cell hypothesis proposes that cancers de-
rive from a small fraction of cancer cells that constitute a
reservoir of self-sustained cells with the exclusive ability to
self-renew and maintain the tumor. There is increasing evi-
dence that malignant tumors such as leukemias, breast can-
cers, and brain cancers contain cells that maintain the char-
acteristics of tissue-specific stem cells. These stem-like
tumor cells are bestowed with dysregulated potential for
self-renewal, excessive proliferation, and aberrant differen-
tiation into a heterogeneous progeny of cancer cells culmi-
nating in the intratumor heterogeneity. Rapidly accumulat-
ing evidence from various laboratories indicates that in
several forms of human cancer, only a minority subpopula-
tion of cancer cells are able to form new tumors when
transplanted into immunodeficient mice. The population of
cells selectively endowed with tumorigenic capacity can be
purified from whole tumor tissues by virtue of a surface
marker expression profile and is defined as the “cancer
stem cell” population. Cancer stem cells have been identi-
fied from various solid tumors, including breast (CD44+
and CD24–/low), colorectal (CD133+), ependymoma
(CD133+, nestin+, and BLBP+), and glioblastoma (CD133+)
[1–4]. An intense debate is ongoing as to whether cancer
stem cells originate from adult stem cells or from mature,
committed progenitors and/or even terminally differentiat-
ed cells that have abnormally acquired self-renewal capaci-
ty [2]. It is also suggested that niche cells could be a pri-
mary target for carcinogenic insult to adult stem cells,
thereby inciting a tumorigenic response [5]. Thus, the mo-
lecular mechanisms underlying the genesis of cancer stem
cells remain obscure, and identifying unique cell-surface
markers for cancer stem cell isolation could provide new
tools to address these questions and allow for further mo-
lecular and functional characterizations. 
High-grade gliomas, which include glioblastoma
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(GBM) and anaplastic astrocytoma, are among the most
common intrinsic brain tumors in adults and are nearly uni-
formly fatal. Whereas there has been progress in under-
standing the molecular genetics of these tumors [6], the
cell types of origin are still uncertain, and the molecular
determinants of disease aggressiveness are not well under-
stood. A better understanding of the cellular origin and mo-
lecular pathogenesis of these tumors may identify new tar-
gets for treating these neoplasms. Until recently, GBMs
were presumed to arise from glial cells residing within the
brain parenchyma However, recent evidence suggests that
neural stem cells can be an alternate cellular origin of
gliomas [7–9]. In fact, recent evidence demonstrates that
neural stem cells can give rise to neoplasms that recapitu-
late the histopathological hallmarks of human gliomas [10,
11]. 
Adult neural stem cells are cells in the adult nervous
system that can self-renew and differentiate into all types
of neural cells, including neurons, astrocytes, and oligo-
dendrocytes [12]. In the adult human forebrain, the majori-
ty of neurons are created by the early postnatal period.
However, it has been demonstrated that neurons continue
to arise in two niches of the adult brain: the subventricular
zone (SVZ) of the lateral ventricle and the subgranular
zone (SGZ) of the dentate gyrus [13, 14]. In the hippocam-
pus, granule neurons arise in the SGZ of the dentate gyrus.
Progenitor cells in the SVZ migrate to the olfactory bulb
(OB) through the rostral migratory stream (RMS), where
they differentiate into granule and periglomerular neurons
of the OB (Fig. 1). Both cell-extrinsic and cell-intrinsic
factors have been shown to influence maintenance and reg-
ulation of the neurogenic system in vivo [15]. A number of
factors, including brain-derived neurotrophic factor (BD-
NF), insulin-like growth factor-1 (IGF-1), epidermal
growth factor (EGF), and basic fibroblast growth factor
(bFGF), have been shown to affect proliferation and differ-
entiation of precursor-cell populations [16, 17]. This popu-
lation of neural stem cells has distinct features such as the
capacity of self-renewal, multipotency, asymmetric divi-
sion, and express characteristics markers such as nestin, a
cystoskeletal protein; CD133, a cell-surface marker of nor-
mal neural ítem cells; and Notch. The demonstration that
the adult human brain contains an abundant source of neu-
ral stem cells and that GBMs contain tumorigenic neural
stem-like cells indicate that neural stem cells are a plausi-
ble origin of human gliomas. This has given rise to specu-
lation that more effective therapies will result from ap-
proaches aimed at targeting the stem-cell-like component
of GBM [18–21].
Glioblastoma tumor stem cells possess the capacity to
self-renewal that leads to daughter cells with the same pre-
disposition for replication as the parental cells, as well as
the capacity to recapitulate the generation of a growing tu-
mor [22]. These capacities have been shown for CD133+
cells isolated from glioblastoma [23]. A small number of
CD133+ cells are sufficient for formation of glioblastoma
in immunodeficient mice. The resulting primary xenograph
consisting of a minority of CD133+ cells and a majority of
CD133+ cells is a phenocopy of the patient’s tumor [2].
In addition to possessing the fundamental stem cell
properties of self-renewal and multipotency, glioblastoma
stem cells share other characteristics with neural stem
cells. They were first isolated from tumors by virtue of
CD133 expression, which marks neural stem and progeni-
tor cells [2]. The similarities in gene expression suggest
that common cell-signaling systems might operate in nor-
mal and malignant neural stem cells. These phenotypic and
functional similarities suggest that glioblastoma stem cells
might arise from normal neural stem cells that retain self-
renewal properties but acquire mutations necessary for tu-
morigenicity. Indeed, deletion of Nf1 and Trp53 from neu-
ral stem cells in mice initiates gliomagenesis in the SVZ,
where neural stem cells reside [9]. However, whether hu-
man glioblastoma stem cells arise from mutated neural
stem cells or a more mature cell type that acquires self-re-
newal capacity remains to be determined.
The stem cell niche
It has been long recognized that normal stem cells of vari-
ous tissues are tightly regulated by the immediate microen-
vironment, or stem cell niche [24]. Consequently, an im-
portant question is whether glioblastoma stem cells also
depend on cues from the environment for survival. Stem
cell niches are not merely repositories for stem cells but are
complex dynamic entities that actively control stem cell
function [25] regulating stem cell renewal and fate. This
microenvironment of stem cells is known to help maintain
the cells in a quiescent state and preserve their potential to
proliferate and differentiate [26, 27]. Direct genetic alter-
ations or dysregulated crosstalk between signaling path-
ways of the cancer stem cells (CSCs) and cells of their mi-
croenvironment have been implicated as important
determinants of functional tumor microenvironment pre-
ceding cancer development [28, 29].
As commented upon in the “Introduction,” studies con-
ducted over recent years have identified stem cells with re-
generative capacity in the SVZ and the SGZ of the dentate
gyrus. The central structural element of the neural stem cell
niche is provided by capillaries within those zones. This
organization places the stem cells in close proximity with
endothelial and other vascular cells, facilitating communi-
cation among these cell types. The existence of niches ex-
tends to tumor cells as well. The tumor microenvironment,
composed of nonepithelial stromal cells, is increasingly
shown to be essential for tumor growth (Fig. 2) [30]. Neu-
ral cancer stem cells (NCSC) have been shown to lie with-
in a vascular microenvironment. In this regard, Calabrese
et al. recently provided convincing evidence that stem cells
from various brain tumors, including glioblastoma, are in-
deed maintained within vascular niches that mimic the neu-
ral stem cell niche [31]. Using coimmunofluorescence and
multiphoton laser scanning microscopy, they showed first
that CD133+/nestin+ tumor cells are closely associated
with vasculature. Furthermore, increasing the number of
endothelial cells and blood vessels in xenografts augment-
ed the NCSC population and the rate of tumor growth.
Clinical trials of the antiangiogenic drug bevacizumab [32]
have demonstrated a potent antitumor effect in patients
with glioblastoma. This effect could be the result of a de-
pletion of the tumor blood supply. However, the presence
of a glioblastoma stem cell niche would imply that this
drug might also function to disrupt stem cell maintenance.
In this regard, Calabrese and colleagues showed that treat-
ing glioblastoma-bearing mice with bevacizumab depleted
tumor blood vessels and caused a significant reduction
both in the NCSC population and tumor growth rate. Inter-
estingly, this treatment did not alter the proliferation or sur-
vival of most of the tumor cells, suggesting that the drug
was specifically acting on the cancer stem cells.
The notion that cancer stem cells exist in aberrant cell
niches is an attractive one. A recent study of human
gliomas suggests that bone morphogenic proteins (BMPs),
which are niche-derived regulators of neural stem cell fate,
might also regulate the differentiation status of cancer stem
cells [33]. Therefore, the tumor microenvironment offers a
novel approach to treatment through the targeting of cells
inside the tumor niche. 
Identifying glioblastoma stem cells
Correctly identifying stem cells in vivo remains the biggest
obstacle to progress in understanding stem cell biology.
Identification of reliable markers will allow prospective
isolation and characterization of a pure population of
CSCs, not just a population of cells containing CSCs. Nor-
mal stem cells and their neighboring cells within tissues
can rarely be located by histological methods. Some prop-
erties that have been widely assumed to mark stem cells,
such as preferential bromodeoxyuridine (BrdU) label re-
tention (caused by an expected tendency of stem cells to
divide more slowly than many of their progeny), have fre-
quently proven to be unreliable without the use of other
markers [34–36]. The “side population” (SP) is defined by
Hoechst dye exclusion in flow cytometry and has been
commonly used as one of the methods of enriching for
cancer stem cells in glioblastomas [37] as well as in other
types of tumor cells. Goodell et al. and Hirschmann-Jax et
al. demonstrated that the exclusion of Hoechst 33342 dye
by SP cells is a dynamic process involving multidrug-re-
sistance transporter 1 (MDR1), a member of the adenosine-
triphosphate-binding cassette (ABC) transporter transmem-
brane proteins [38, 39]. However, MDR1 cannot be taken
as a single marker to identify and isolate SP cells, and ad-
ditional transporters should be analyzed. 
Much work has been carried out on brain tumor stem
cells enriched by the cell-surface marker CD133. It is un-
clear at this time whether the SP overlaps with the CD133
population, but both markers have been shown to be highly
enriched in neurosphere-forming capacity [40, 41], one of
the defining characteristics of neural stem cells and pro-
genitors (Fig. 3). Recently, several groups have isolated
NCSC from glioblastomas [7]. They cultured dissociated
tumor samples and expanded the cells on a defined, serum-
free medium containing fibroblast growth factor and epi-
dermal growth factor. These cells form floating aggregates
(neurospheres), just as normal neural stem cells do in the
same conditions. These neurospheres retain the self-renew-
ing capacity and expressed neural stem cell markers, such
as nestin, CD133, and Notch. Such aggregates, highly en-
riched in long-term, self-renewing multipotent cells in vit-
ro, formed malignant tumors when transplanted in vivo in
immunodeficient mice. These findings indicate that
glioblastomas contain cancer-initiating neural stem-like
cells, which can be identified by their staining with CD133
[2, 7]. Furthermore, it has been recently shown that CD133
ex pression correlates with survival in patients with
gliomas, lending support to the current cancer stem cell hy-
pothesis [42]. These authors found, using a large panel of
human glioma samples, frequencies of CD133+ cells to in-
crease with tumor grade, with many glioblastomas contain-
ing > 25% positive cells. In contrast, tissue sections of
many World Health Organization (WHO)-grade tumors
were devoid of immunoreactive cells, probably indicating a
low frequency of CSCs in these less malignant tumors.
These findings provide strong and valuable evidence for
the CSC hypothesis and the clinical relevance of the
CD133+ cell population in glioblastomas.
Another important trait of brain tumor stem cells is the
signaling trough Notch receptor. Notch signaling is strong-
ly activated in primary human gliomas and in several
glioma cell lines [43] where its depletion reduces tumor
proliferation [44]. Moreover, transfection of downstream
mediators of the Notch pathway results in an increase in
the growth and sphere formation of human glioma CD133+
cells, indicating that Notch signaling is essential for main-
tenance and proliferation of the tumor stem cell population
[45]. A similar effect has been observed in medulloblas-
toma stem cells, where loss of tumor-forming capacity is
attributed to depletion of cancer stem cells in response to
Notch signaling blockade [46]. These data are in agree-
ment with the studies in nonneoplastic stem cells that at-
tribute to Notch signaling the role of inhibiting neuronal
differentiation and maintaining the neural progenitor pool
[47].
Neural cancer stem cells as therapeutic targets
Primary malignant brain tumors are characterized by a
short median patient survival and almost 100% tumor-re-
lated mortality. Therefore, this brain tumor remains one of
the most lethal forms of human cancer. Glial neoplasms are
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the most frequent primary intracranial neoplasms in hu-
mans, accounting for > 60% of all primary brain tumors.
Although glioblastomas, the most malignant of these,
rarely spread outside the nervous system, they infiltrate
crucial structures in the brain, preventing curative surgical
resection. Radiation and chemotherapy offer only modest
benefits and remain essentially palliative [48].
Conventional chemotherapy and/or radiation therapies
are not usually designed to target a specific cell subpopula-
tion, and their clinical efficacy is measured by their capaci-
ty to induce regression of bulk tumor lesions. It is therefore
difficult to know whether traditional antitumor treatments
are able to target cancer stem cells, which are thought to be
resistant to such treatments [49, 50]. If glioblastomas are
maintained by NCSCs, cells that are characterized by low
rates of division and proliferation, it is clear that therapies
such as chemotherapy or radiation, which target actively
cycling cells, are doubtful to be effective. Therefore, it is
unlikely that existing treatments will ever cure most pa-
tients with glioblastoma. Thus, the concept of cancer stem
cells provides an interesting conceptual framework to inter-
pret the phenomenon of tumor relapse as well as the het-
erogeneity found inside tumors in terms of aberrant cell
proliferation and differentiation [51].
Cancer treatment has traditionally been based on the
implicit assumption that human cancer populations are ho-
mogeneous. Cancer is resilient to treatment because malig-
nant cells survive chemotherapy and radiation or avoid im-
mune surveillance of endogenous cytotoxic T cells and
natural killer (NK) cells. As cancer stem cells have a ca-
pacity for unlimited self-renewal and the ability to initiate
and drive tumor progression in an animal model [2, 4] they
would seem the most probable candidates responsible for
tumor chemoresistance and recurrence. 
In fact, recent investigations in the field of brain and
breast cancers implicate cancer stem cells in radiation re-
sistance [50, 52, 53]. Bao et al. demonstrated that radiation
resistance in highly malignant gliomas (GBM) is most
likely mediated by tumor stem cells [50]. This work shows
that radiation treatment fails in the long run because it can-
not kill the subpopulation of CD133+ tumor-initiating
cells. They showed that CD133+ cancer stem cells con-
tributed to glioma resistance through preferential activation
of DNA damage checkpoint response and an increase in
DNA repair capacity compared with CD133+ tumor cells.
The radioresistance of CD133 glioma stem cells could be
reversed with a specific inhibitor of Chk1 and Chk2 check-
point kinases, which are closely associated with cellular re-
sistance to radiation, thereby providing a therapeutic ad-
vantage to reducing brain tumor occurrence. As the cell
cycle of a normal stem cell is tightly controlled by the
checkpoint to maintain genomic stability and integrity, the
defective checkpoint responses associated with early can-
cer development [54, 55] point to an abnormal checkpoint
control as a potential contributor to the transformation of
normal cells into cancer stem cells. Therefore, targeting the
checkpoint response in CD133+ glioblastoma cells may
help to overcome the radioresistance of this tumor. Further
studies may confirm a rate-limiting role of DNA repair for
the functionality of glioblastoma cells. 
Also, Liu et al. demonstrated an increased resistance of
CD133-positive brain tumor stem cells in response to treat-
ment with chemotherapeutic agents such as carboplatin,
paclitaxel, and etoposide compared with CD133– cells
[56]. These studies revealed a higher expression of the
multidrug resistance gene BCRP1 and genes that inhibit
apoptosis in the CD133-expressing cancer stem cells. The
work also showed that CD133 expression was significantly
higher in recurrent glioblastomas compared with their re-
spective newly diagnosed tumors. These results suggest
that although chemotherapy kills most of the cells in a tu-
mor, NCSCs remain viable and can reappear due to their
enhanced chemoresistance.
Regarding the clinical implications of cancer stem
cells, Piccirillo et al. were the first to show that human
glioblastoma cells expressed BMPs and their cell surface
receptors – BMPs being the soluble factors that normally
induce neural precursor cells to differentiate into mature
astrocytes, a subtype of brain cells called glial cells [33].
These authors showed that BMPs could also promote the
differentiation of CD133+ brain tumor stem cells, seriously
weakening their tumor-forming ability. The results further
imply that tumor populations at least partially retain a de-
velopmental hierarchy based on stem cells and remain able
to respond to the normal signals that induce them to ma-
ture. These findings should lead to renewed interest in de-
vising therapies that promote the differentiation of cancer
cells.
Future directions
In conclusion, although major questions remain unan-
swered concerning the origin and function of NCSCs, their
existence in glioblastomas is a widely accepted hypothesis.
How these NCSCs control cell growth and cell-cycle pro-
gression of glioblastomas, however, is not yet clear. Nor is
it clear whether there exists a stem-cell-specific machinery
that controls growth and proliferation in a variety of stem
cell lineages and why stem cell proliferation gets out of
control when asymmetric cell division is compromised.
Furthermore, the molecular events that occur when such a
compromised stem cell becomes unresponsive to growth
control signals remain unknown. The striking discovery of
stem cell lineages in many tumors, including glioblas-
tomas, might lead to identification of entirely new mecha-
nisms for stem cell control. All data obtained so far suggest
that in the coming years, NCSCs will be identified as a
powerful new potential therapeutic target, and knowledge
of the detailed biology and clinical significance of this no-
ticeably defined population will provide further support for
the NCSC hypothesis. Additionally, efforts now focus on
the evaluation of target expression profiles in NCSCs in
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glioblastomas and on the potential of these cells to resist
therapy. Ultimately, focusing research efforts on the NCSC
may drive important advances in our understanding of
glioblastoma biology and in developing potential cures for
this devastating disease.
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Fig. 1 Neural stem cells niches in the adult human brain. a Schematic
of a sagittal brain section showing areas in the human brain where
neurogenesis takes place. These germinal zones, the subgranular zone
(SGZ) of the dentate gyrus in the hippocampus and the subventricular
zone (SVZ) of the lateral ventricle, are marked in red. Neurons
formed in the SVZ that migrate to the olfactory bulb (OB) through
the rostral migratory stream (RMS) are shown in green. b Neurogene-
sis in the adult brain revealed by BrdU incorporation (green) in RMS,
SVZ, and SGZ. In the SGZ of the hippocampus, granular neurons are
stained in red
Fig. 2 Normal and tumoral stem cell niche. a Schematic of the sub-
ventricular zone (SVZ) neural stem cell (NSC) niche. NSCs locate
adjacent to ependymal cells (E) and blood vessels (BV). b Similarly,
glioblastoma cancer stem cells (CSC) are found in contact with tu-
moral blood vessels (TBV) attracted to the niche by secretion to the
extracellular matrix (ECM) of diffusible factors such as vascular en-
dothelial growth factor (VEGF)
Fig. 3 Neurosphere-forming capacity. Neural cancer stem cells were seeded on low-adherent plates and grown for 21 days in serum-free medium
containing basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF) 
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Rosario Luna-Medina,1Marta Cortes-Canteli,1 Susana Sanchez-Galiano,1 Jose A. Morales-Garcia,1 AnaMartinez,2
Angel Santos,3 and Ana Perez-Castillo1
1Instituto de Investigaciones Biome´dicas, Consejo Superior de Investigaciones Cientı´ficas, Universidad Auto´noma de Madrid, 28029 Madrid, Spain,
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Inflammation and neurodegeneration coexist in many acute damage and chronic CNS disorders (e.g., stroke, Alzheimer’s disease,
Parkinson’s disease). A well characterized animal model of brain damage involves administration of kainic acid, which causes limbic
seizure activity and subsequent neuronal death, especially in the CA1 and CA3 pyramidal cells and interneurons in the hilus of the
hippocampus. Our previous work demonstrated a potent anti-inflammatory and neuroprotective effect of two thiadiazolidinones com-
pounds, NP00111 (2,4-dibenzyl-[1,2,4]thiadiazolidine-3,5-dione) and NP01138 (2-ethyl-4-phenyl-[1,2,4]thiadiazolidine-3,5-dione), in
primary cultures of cortical neurons, astrocytes, and microglia. Here, we show that injection of NP031112, a more potent thiadiazolidi-
none derivative, into the rat hippocampus dramatically reduces kainic acid-induced inflammation, as measured by edema formation
using T2-weighted magnetic resonance imaging and glial activation and has a neuroprotective effect in the damaged areas of the hip-
pocampus. Last,NP031112-inducedneuroprotection, both in vitroand in vivo, was substantially attenuatedby cotreatmentwithGW9662
(2-chloro-5-nitrobenzanilide), a known antagonist of the nuclear receptor peroxisome proliferator-activated receptor, suggesting that
the effects of NP031112 can be mediated through activation of this receptor. As such, these findings identify NP031112 as a potential
therapeutic agent for the treatment of neurodegenerative disorders.
Key words: excitotoxicity; neurodegenerative diseases; neuroinflammation; neuroprotection; peroxisome proliferator-activated recep-
tor; thiadiazolidinones
Introduction
Excitotoxic brain damage is considered one of the major mecha-
nisms bywhich neurons die in the adult CNS (Choi, 1988; Lipton
and Nicotera, 1998). Studies using kainic acid (KA), an analog of
glutamate, have provided major contributions to the under-
standing of neuronal cell death caused by excitotoxicity. Admin-
istration of KA in rats is known to induce a sequence of altered
behavioral events characterized by epileptiform seizures (Ben-
Ari et al., 1980; Sperk, 1994), which are followed by neurodegen-
eration in specific brain regions, such as the hippocampus, piri-
form cortex, thalamus, and amygdala. In the hippocampus, the
CA3 pyramidal cells and interneurons in the hilus of the dentate
gyrus are the most vulnerable, followed by CA1 pyramidal cells
(Coyle, 1983; Sperk et al., 1985; Tauck and Nadler, 1985). An
essential event in excitotoxicity is the direct and constant activa-
tion by KA of specific glutamate receptors, which results in neu-
ronal cell death (Choi, 1988; Doble, 1999; Wang et al., 2005). In
addition, glial cells, as mediators of the inflammatory response,
also play an important role in the course of KA-induced hip-
pocampal neurodegeneration. Activated astrocytes and micro-
glial cells proliferate and increase the expression of genes impli-
cated in the production of nitric oxide and cytokines. These
agents, when released from activated glia, can contribute notice-
ably to the expansion of brain injury and the delayed loss of
neurons (Barone and Feuerstein, 1999; del Zoppo et al., 2000).
Neuroprotection involves the use of agents to prevent disease
or injury of the nervous system by inhibiting one or more events
leading to neuronal death. Brain injury, as a consequence of vas-
cular or traumatic accidents or neurodegenerative diseases, is a
common event, and therefore, neuroprotection has emerged as
an increasingly important segment of the biopharmaceutical
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market over the last years, representing a major source of un-
tapped potential for development of new therapeutic products
and strategies. Formerly, most therapy for neurological disorders
was directed at symptoms; however, as the understanding of the
molecular basis of neurological disease and injury increases, op-
portunities for new approaches appear. The peroxisome
proliferator-activated receptor  (PPAR) has recently emerged
as a therapeutic target for neuroprotection (Petrova et al., 1999;
Bernardo et al., 2000; Landreth and Heneka, 2001; Diab et al.,
2002; Townsend and Pratico, 2005). PPAR ligands, including
the antidiabetic thiazolidinediones (TZDs), nonsteroidal anti-
inflammatory drugs (NSAIDs), such as indomethacin, and the
prostaglandin derivative 15-deoxy--12,14-prostaglandin J2, have
been implicated in the anti-inflammatory process in diverse tis-
sues, including the brain (Ricote et al., 1999; Kielian and Drew,
2003). In line with these results, we have recently shown that two
thiadiazolidinone (TDZD) compounds, NP00111 (2,4-dibenzyl-
[1,2,4]thiadiazolidine-3,5-dione) and NP01138 (2-ethyl-4-
phenyl-[1,2,4]thiadiazolidine-3,5-dione), inhibited the activa-
tion of astrocytes and microglial cells and were neuroprotective
in vitro through a mechanism apparently involving PPAR acti-
vation (Luna-Medina et al., 2005), suggesting that TDZDs may
act as anti-inflammatory and neuroprotective agents in the CNS.
In the present study, we demonstrate that NP031112, another
TDZD compound, which is presently being developed for the
treatment of Alzheimer’s disease, is a potent anti-inflammatory
and neuroprotective agent against KA-induced in vivo excitotox-
icity. TDZD compounds have been shown to be non-ATP com-
petitive inhibitors of glycogen synthase kinase 3 (GSK-3)
(Martinez et al., 2002a,b). It has also been shown that inactivation
of GSK-3 protects against KA-induced neurotoxicity in vivo
(Goodenough et al., 2004), and therefore this pathway could be
involved in the NP031112 response to the excitotoxin in vivo.
However, our results suggest that NP031112 may act as well
through its ability to activate the PPAR nuclear receptor.
Materials andMethods
Cell culture, transfection, and treatment. Rat primary astrocytes, micro-
glia, and neurons were harvested and cultured as described previously
(Luna-Medina et al., 2005). The purity of the cultures was 95%, as
determined by immunofluorescence analysis using anti-cd11b (OX-42)
to detect microglial cells, glial fibrillary acidic protein (GFAP) to identify
astrocytes, and anti-microtubule-associated protein 2 (MAP2) to iden-
tify neurons. NP031112 (2.5 M) was added to the culture medium of
astrocytes andmicroglia 1 h before exposure to glutamate (500M), cells
were incubated for 24 h before tissue culture medium was collected, and
the cells were evaluated for tumor necrosis factor- (TNF-) and cyclo-
oxygenase type 2 (COX-2) expression. For transient transfection exper-
iments, primary cultures of astrocytes were transfected with the reporter
plasmid pPPRE-tk-luc, containing three PPAR consensus binding sites
upstream of a minimal promoter using Transfast (Promega, Madison,
WI) according to the manufacturer’s guidelines. Typically, cells received
0.2 g of luciferase reporter plasmid and were harvested 24 h after treat-
ment with different concentrations of NP031112 for determination of
luciferase and -galactosidase (to determine transfection efficiency) ac-
tivities. Each transient transfection experimentwas repeated at least three
times in triplicate.
Antibodies. Mouse monoclonal antibodies to MAP2 and GFAP were
from Sigma (St. Louis, MO). Mouse OX-42 and anti-neuN monoclonal
antibodies were purchased from Serotec (Duseldorf, Germany), Milli-
pore (Bedford, MA), respectively. Polyclonal anti-TNF- and anti-
COX-2 antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA).
Immunocytochemistry.At the end of the treatment period, the cultures,
grown on glass coverslips in 24-well cell culture plates, were washed with
PBS and fixed for 30 min with 4% paraformaldehyde at 25°C and per-
meabilized with 0.1% Triton X-100 for 30 min at 37°C. After 1 h incu-
bation with the corresponding primary antibody, cells were washed with
PBS and incubated with an Alexa-labeled secondary antibody (Invitro-
gen, San Diego, CA) for 45 min at 37°C. Images were acquired using a
Radiance 2100 confocal microscope (Bio-Rad, Hercules, CA), with a 350
nm diode laser to excite DAPI (4,6,diamidino-2-phenylindole) and 647
nm laser line to excite Alexa 647. Confocal microscope settings were
adjusted to produce the optimum signal-to-noise ratio. To compare flu-
orescence signals from different preparations, settings were fixed for all
samples within the same analysis. Fluorescence analysis was performed
using LaserPix software (Bio-Rad). A quantitative analysis of labeled cells
was undertaken using the image analySIS software (Soft Imaging System,
Mu¨nster, Germany) and normalized to total nuclei. Areas to be counted
were traced at high power (400), and at least four different counting
fields were selected at random per culture.
Measurement of apoptosis. To calculate the extent of apoptotic cell
death, cortical neuronal cultures were treated or not with NP031112 and
incubatedwith glutamate (100M), and phosphatydilserine exposure on
the surface of apoptotic cells was detected by confocal microscopy after
staining with Annexin V-FITC (Bender MedSystems, Vienna, Austria).
Neuronal cell death was assessed by counting the percentage of Annexin-
V-positive cells in four independent high-magnification (200) fields
per culture, as described above.
KA administration.AdultmaleWistar rats (8–12 weeks old) were used
in this study. Adequatemeasureswere taken tominimize pain or discom-
fort of animals. Experiments were performed in accordance with the
European Communities Council, directive 86/609/EEC. Rats (n 5 per
group) were anesthetized by intraperitoneal injection of ketamine (60
mg/kg) and Domtor (5 g/kg) and placed into a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA). KA (1 g in 2.5 l PBS) alone
or in combination with NP031112 (2 ng in 2.5 l PBS) was injected into
the hippocampus [coordinates from bregma: posterior, 3.0 mm; lat-
eral, 2.0 mm; depth, 3.5 mm; according to the atlas of Paxinos and
Watson (1998)]. Control animals of the same age were injected with
vehicle. Two groups of animals also received 0.7g of the PPAR antag-
onist GW9662 (2-chloro-5-nitrobenzanilide), either alone or in combi-
nation with KA. Each injection was performed for 2.5 min using a
micropump (KD Scientific, Holliston, MA). The amounts of NP031112
and GW9662 used were calculated based on the in vitro results to reach
active concentrations within the hippocampus. Lithium chloride (LiCl),
a potent inhibitor of GSK-3 activity, was administered (40mg/kg/d) by
intraperitoneal injection to a further two groups of animals, either alone
or in combination with KA. The rats were then housed individually to
recover.
Seizures were induced by intraperitoneal administration of rats with
KA (10 mg/kg) in PBS. Control animals received saline only. Behavioral
analysis was monitored for a period of 3 h by trained observers blind to
the treatment of the rats. The convulsive behavior was classified accord-
ing to Racine (1972) and Sperk et al. (1985) as follows: stage 0, no chang-
es; stage 0.5, wet dog shakes (WDS); stage 1, mouth and facial move-
ments; stage 2, head nodding; stage 3, forelimbs clonus; stage 4, rearing;
stage 5, rearing and falling; stage 6, death. Status epilepticus (SE) was
defined as continuous behavioral seizure activity (stage 5) for 5 min.
The number of WDS before SE was also examined. In trials using
NP031112, the TDZD was administered intragastrically (50 mg/kg) 1 h
before KA injection.
Magnetic resonance imaging. Magnetic resonance imaging (MRI) was
performed using a 7.0 tesla horizontal bore (16 cm) magnet interfaced
with a Bruker Pharmascan console (Bruker Medical, Ettlingen, Ger-
many). Rat brain MRI was performed with a 90 mm gradient insert and
a concentrical 38 mm birdcage resonator, using Paravision version 3.1
software (Bruker Medical), as implemented in a Hewlett-Packard (Palo
Alto, CA) Linux platform.MRI examinations used adultmaleWistar rats
(n 5; 250 g) anesthetized through a plastic mask with 2% isoflurane in
99.9% O2. Animals were allowed to breath spontaneously during the
experiment and were placed in a heated cradle to maintain the core body
temperature at37°C. The physiological state of the animal was moni-
tored throughoutMRI acquisition through the respiratory rate and body
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temperature, as monitored by a rectal probe. T2-weighted spin-echo im-
ages were acquired at 1, 2, 3, and 9 d after KA injection with a rapid
acquisition with relaxation enhancement (Hennig et al., 1986) sequence
in axial orientations [repetition time (TR), 2500 ms; echo time (TE), 60
ms; averages, 3; field of view, 2.65 cm; acquisitionmatrix, 256 256; slice
thickness, 1.50 mm; number of slices, 15]. The in vivo spectroscopy pro-
tocol acquired two 4 4 4 mm voxels in the hippocampal area, using
a point-resolved spatially spectroscopy (Bottomley, 1987) protocol,
combined with VAPOR water suppression (Tkac et al., 1999) (TR, 3000
ms; TE, 35 ms; averages, 128). The lesion area was calculated from T2-
weighted images using image analySIS software (Soft Imaging System).
Lesion volume was estimated from the summation of areas of hyperin-
tensity on each slice, multiplied by slice thickness. Average lesion volume
was calculated for each treatment.
Immunohistochemistry. At different times after stereotaxic injection,
the animals were anesthetized and perfused transcardially with 4% para-
formaldehyde solution. The brains were removed, postfixed in the same
solution at 4°C overnight, cryoprotected in the paraformaldehyde solu-
tion containing 30% sucrose, frozen, and 30 m coronal sections were
obtained in a cryostat. Free-floating sections were processed for cresyl
violet (Nissl stain) or immunohistochemistry using the diaminobenzi-
dine method or double-immunofluorescence analysis. For the diamino-
benzidine method, floating sections were immersed for 15 min in 3%
H2O2 to inactivate endogenous peroxidase, and then blocked for 2 h at
room temperature (RT) in 5% normal goat serum (NGS; Vector Labo-
ratories Burlingame, CA) in PBS, containing 4% bovine serum albumin,
0.1 M lysine, and 0.1% Triton X-100. Afterward, the sections were incu-
bated overnightwith the corresponding primary antibodies. After several
rinses, sections were incubated for 1 h with a biotinylated secondary
antibody. Finally, the sectionswere processed after the avidin-biotin pro-
tocol (Vectastain ABC kit; Vector Laboratories). Tissues were mounted
onto gelatin-coated slides and were let to dry. Finally, the slides were
dehydrated, cleared in xylene, and mounted with DePeX (Serva, Heidel-
berg, Germany). The slides were examined with a Zeiss (Oberkochen,
Germany) Axiophot microscope, equipped with an Olympus Optical
(Tokyo, Japan) DP-50 digital camera, and a Leica (Nussloch, Germany)
MZ6 modular stereomicroscope. Neuronal integrity was assessed by
counting the percentage of Nissl-positive cells in the CA3 region of the
hippocampus in five independent well defined high-magnification
(400) fields per animal using a computer-assisted image analySIS soft-
ware (Soft Imaging System). The extent ofmicrogliosis was quantified by
counting the number of OX-42-positive cells in five independent well
defined high-magnification (400) fields per animal, as described above.
To evaluate astrogliosis, two different parameters were quantified: num-
ber of activated cells, based on the calculation of highly immunostained
cell body profiles, and immunosignal intensity, based on the measure-
ment of optical density. Individual cell bodies were manually traced, and
their mean staining intensity was normalized against the background of
the respective section, defined as tissue devoid of specific immunostain-
ing. The procedure resulted in arbitrary values on a scale from 1 (back-
ground staining) to 256.
For the double-immunofluorescence, the protocol was similar to the
one described above with some modifications. Briefly, the floating sec-
tions were blocked for 1 h in PBS containing 0.25%Triton X-100 and 3%
NGS and incubated overnight with the corresponding primary antibod-
ies. Then, AlexaFluor 647 and AlexaFluor 488 secondary antibodies were
added for 1 h at RT. Finally, the tissue wasmounted withmowiol and the
sections were examined as described for immunocytochemistry. The se-
quential mode was used to acquire fluorescence images to avoid any
interference from overlapping fluorescence. The images were obtained
using a series of 0.5-m (depth)-spaced cell fluorescent slices (z-axis).
Statistical determinations. The data shown are the means  SD of at
least three independent experiments. Statistical comparisons for signifi-
cance between cells with different treatments were performed using the
Student’s test, with p  0.05. ANOVA was used to analyze the data of
Figures 2–6.
Results
NP031112 inhibits glutamate-induced glial activation and
protects cortical neurons from cell death in vitro
We first analyzed whether NP031112 affected the glutamate-
induced expression of TNF- and COX-2, two well known
proinflammatory agents, in primary glial cultures. As shown in
Figure 1a, incubation of both astrocyte and microglial cultures
with NP031112 completely abrogated the induction of TNF-
andCOX-2 expression after glutamate treatment. These effects of
NP031112 were not caused by a loss of cell viability, because the
24 h exposure of astrocyte and microglial cells to this TDZD did
not modify cell viability (data not shown).
TDZD compounds were originally described as GSK-3 in-
hibitors (Martinez et al., 2002a,b) and, more recently, we have
shown that their effects on neural cells in vitro seems to be medi-
ated through activation of the PPAR nuclear receptor (Luna-
Medina et al., 2005). Therefore, we next tested whether LiCl (an
inhibitor of GSK-3) mimicked the effect of NP031112 and
whether the specific PPAR antagonist GW9662 impaired the
action of this TDZD. As shown in Figure 1a, treatment of astro-
cyte and microglial cultures with LiCl did not have a major effect
on the increase in TNF- andCOX-2 expression elicited by treat-
ment with glutamate. On the contrary, GW9662 significantly in-
hibited the blocking effects of NP031112 on TNF- and COX-2
expression after glutamate treatment of glial cultures, suggesting
an involvement of PPAR in the protective effects of NP031112
against the response of glial cultures to glutamate treatment.
In addition to its blocking effect in glial activation after an
excitotoxic insult triggered by glutamate treatment, NP031112
was also able to exert a potent neuroprotective effect on cortical
neurons from glutamate-induced excitotoxicity (Fig. 1b). Treat-
ment of neuronal cultures with NP031112 resulted in a signifi-
cant reduction in the number of Annexin-V-positive cells com-
pared with untreated cells. As observed with glial cultures, the
PPAR antagonist GW9662 attenuated the neuroprotective ef-
fects of NP031112, whereas the GSK-3 inhibitor LiCl did not
have any effect on glutamate-induced cell death or inflammatory
response.
To further analyze the possible involvement of PPAR on
NP031112 actions, we next examined whether this compound
could activate a reporter construct containing three consensus
PPAR response elements (PPRE-tk-luc) in primary cultures of
astrocytes. Figure 1c shows a dose–response of the induction by
NP031112 of PPRE-tk-luc reporter construct. Half-maximal
stimulation was reached at 1.16 M and maximal stimulation
(23-fold) at 25MNP031112. No bigger induction was observed
with higher doses of the compound. These results further suggest
that NP031112 can be acting through a PPAR-dependent
mechanism.
Neuroprotective role of NP031112 after excitotoxic
brain injury
Given the in vitro anti-inflammatory and neuroprotective effects
described above, we then assessed the efficacy of NP031112 in an
established focal excitotoxic model in vivo. To this end, adult rats
received intrahippocampal injections of vehicle, KA, or KA plus
NP031112 and were killed at different times after injection. Be-
cause brain edema is a common pathological trait of brain injury,
we first used MRI to determine the neuroprotective efficacy of
NP031112 in vivo. T2-weighted MRI allows the visualization
of areas of brain edema as hyperintense regions. Indeed, areas of
hyperintensity in T2-weighted images, reflecting cerebral edema
or neurodegeneration, were found in the ipsilateral hemisphere
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of KA-injected rats 24 h after KA injection,
their hyperintensity becoming further en-
hanced after 2, 3, and 9 d (Fig. 2a). Coin-
jection of NP031112 resulted in a signifi-
cant decrease in the hyperintensity of T2-
weighted images, compared with the
untreated KA-injected animals. Lesion
volume was significantly reduced at all of
the times studied after KA injection in the
NP031112-treated group. By day 9, the
damage in NP031112-treated animals was
almost completely absent (98% reduction
relative to KA-injected animals) (Fig. 2b).
Single-voxel proton nuclear magnetic res-
onance spectra from the hippocampal re-
gion of vehicle-, KA, and KA plus
NP031112-injected animals are shown in
Figure 2c. The spectral patterns between
the vehicle- and the KA-injected rats were
considerably different (Fig. 2d). In partic-
ular, KA administration was associated
with a progressive and significant decrease
of N-acetyl-aspartate (NAA)/creatine ra-
tio and an increase in lactate/creatine ratio
in the ipsilateral hippocampus, suggesting
neuronal loss. On the contrary, the spectra
observed in NP031112-injected rats were
very similar to those found in vehicle-
treated animals. These findings indicate
that NP031112 protects the brain against
KA-induced damage.
The MRI results were further con-
firmed by histological analysis of the hip-
pocampus. Nissl staining was used to eval-
uate the extent of neuronal loss in the
hippocampus of vehicle-, KA-, and KA
plus NP031112-injected rats. A significant
preservation of hippocampal cells was
found in NP031112-injected rats com-
pared with abundant neuronal loss in the
CA1, CA3, and hilus after injection with
KA (Fig. 3a). Three days after the injec-
tion, cell loss in CA1 and CA3 layers was
apparent in both groups of animals, al-
though it becamemore intense in the KA-
injected group. Remarkably, by 9 d, both
CA1 and CA3 regions of the hippocampus
of NP031112-injected rats were almost
completely normal, compared with KA-
injected cells, which still presented a sig-
nificant neuronal loss and a disorganiza-
tion of both regions of the hippocampus.
Figure 1. Effects of NP031112 on excitotoxic neural injury in vitro. a, Rat primary astrocyte or microglial cultures were treated
for 24 hwith glutamate (500M) in the absence or presence of NP031112 (2.5M), and the expression of TNF- and COX-2 was
evaluated by immunofluorescence analysis and confocal microscopy using specific antibodies, as described in Materials and
Methods. Somecultureswerepreincubated1hwith30MGW9662before theadditionofNP031112orwith20mMLiCl before the
addition of glutamate. Representative results of three different experiments are shown. Scale bars, 10m. Nuclei were counter-
stained with DAPI (blue). b, Rat primary neuronal cultures were treated for 24 h with glutamate (100 M) in the absence or
presence of NP031112 (2.5M). Some cultures were preincubated 1 h with 30M GW9662 before the addition of NP031112 or
with 20mMLiCl before the additionof glutamate, andapoptosiswas assessedbyAnnexin-V-FITC staining as described inMaterials
andMethods. Representative confocal images of three independent experiments are shown. Scale bars, 10m. Values ina andb
represent the mean SD from three different experiments and five independent fields ( 50 cells/field) per culture. ***p
0.001. c, Activation of a PPRE (peroxisome proliferator response element) reporter gene by NP031112. Rat primary astrocytes
4
were transfected with 0.2 g of the PPRE-tk-luc reporter
plasmid, cells were harvested 24 h after treatment with
NP031112 at the indicated concentrations, and luciferase ac-
tivity of cell lysates was determined. Data are expressed rela-
tive to the basal values and represent the mean SD lucif-
erase activity determined in triplicate in three independent
experiments. **p 0.01; ***p 0.001, versus control non-
treated cultures. GLUT,Glutamate; B, basal; GW,GW9662;NP,
NP031112.
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Quantitative studies (Fig. 3b) showed a decrease of 85, 96, and
94%, compared with the vehicle-injected rats, in the number of
neurons in the CA3 subfield of the hippocampus 1, 3, and 9 d,
respectively, after KA injection. In contrast, in the NP031112-
treated group, only a moderate decrease (47%) in cell number
was observed 3 d after KA injection. These results extend the
observations made in vitro and suggest that treatment of KA-
injected animals with NP031112 results in an almost complete
recovery of the regions more affected by the injury.
One of the events that take place in the hippocampus after
excitotoxic injury is the sequential activation of microglia and
astroglia. Concerning astrogliosis, resting astrocytes were distrib-
uted mostly in the stratum lacunosum-moleculare layer of the
hippocampus (LMol) of vehicle-injected animals (Fig. 4a).
Twenty-four hours after KA injection, the highest GFAP immu-
noreactive signal intensity was not only observed in the LMol but
also in the hilus of the dentate gyrus (data not shown). Nine days
after injury, a dramatic increased in GFAP immunoreactivity was
detected in all regions of the hippocampus (Fig. 4a). This strong
astrogliosis was completely absent in the animals treated with
NP031112, and the pattern of GFAP immunostaining in these
animals was indistinguishable from that of control animals.
Figure 2. Effect of NP031112 on KA-induced brain edema as detected by MRI. T2-weighted imaging was performed at 7 tesla as described in Materials and Methods at different times after KA
injection. a, Representative coronal images of rat brain injectedwith vehicle (top), KA (middle), and KA plus NP031112 (bottom). Hyperintensity areas in T2-weightedMRIs reveal regions of edema
after KA injection. Hyperintense areas were reduced in the NP031112-treated rats compared with the KA-injected rats, demonstrating a decrease in the injured area. No hyperintensity was found
in the vehicle-injected rats. Arrows indicate the injection site. An anatomic diagram (Paxinos, 1998) showing (arrow) the precise localization of themicroinjection in the rat hippocampus is shown.
b, Quantitative analysis of total lesion volumes of KA- and KA plus NP031112-injected rats. The volume of the edemas was significantly lower in NP031112-treated rats, compared with KA-treated
group at all of the times studied. Values represent the mean SD from five different animals and five independent sections per animal. ***p 0.001. c, Representative point-resolved spatially
spectra acquired fromthehippocampal region (whitebox)with resonances fromNAA, lactate (Lac), and creatine (Cr) 9dafter treatment.d, Time courseof variationofNAAor lactate values (mean
SD) in the ipsilateral hemisphere of control-, KA-, and KA plus NP031112-treated animals during 9 d, normalized to the creatine peak. V, Vehicle; NP, NP031112. *p 0.05; **p 0.01; ***p
0.001, versus vehicle-injected animals at each time point.
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Quantification of the data revealed a 6.7- and 2.2-fold decrease in
both the number of strongly GFAP astrocytes and staining in-
tensity, respectively, in theNP031112-treated animals, compared
with the KA-injected group (Fig. 4b). Microglial activation in the
contralateral hippocampus of kainic-injected rats, as well as in
the hippocampus of vehicle-injected animals, was at almost un-
detectable levels in all regions of the hippocampus (Fig. 4c). After
KA injection, numerous reactive microglial cells appeared in the
ipsilateral part of all regions of the hippocampus. KA treatment
resulted in morphological changes in microglial cells, which in-
cluded swelling of the cell somas and thickening and retraction of
the cell processes, two characteristic features of reactivemicroglia
(Jorgensen et al., 1993; Ladeby et al.,
2005). Coadministration of NP031112 to-
getherwithKAcompletely blockedmicro-
glial activation. Quantitative analysis of
OX-42 cells from KA- and KA plus
NP031112-injected animals shows a 40-
fold decrease in the number of microglial
cells 9 d after KA injection in the
NP031112 group (Fig. 4d).
Double immunofluorescence staining
of the rat hippocampus 9 d after injection
of KA revealed an induction of the TNF-
cytokine, both in astrocytes andmicroglial
cells (Fig. 4e), whereas the expression of
this cytokine was almost completely ab-
sent in the neuronal population. Injection
of KA in the presence of NP031112 signif-
icantly decreased TNF--positive staining
both in astrocytes and microglia.
Subsequently, in view of the in vitro re-
sults described above, which suggested an
implication of the nuclear receptor
PPAR in the action of NP031112, we
next examined the possible involvement
of this receptor on NP031112 actions in
vivo. To this end, some rats were injected
with the PPAR antagonist GW9662 to-
gether with KA and NP031112 and killed
24 h later for histological evaluation. As
expected, KA injection induced a substan-
tial loss of hippocampal CA3 neurons and,
once more, NP031112 treatment afforded
robust neuroprotection (Fig. 5a,c). The
PPAR antagonist GW9662 alone did not
modify the number of surviving neurons
in vehicle-injected rats but abrogated
NP031112-elicited neuroprotection.
These findings suggest that NP031112 acts
via activation of PPAR to elicit protec-
tion of hippocampal neurons. Treatment
of rats with GW9662 also inhibited the
blocking effects of NP031112 on activa-
tion of microglia in the hippocampus, as
shown in Figure 5, b and d. Overall, these
findings indicate that NP031112 acts via
PPAR to protect hippocampal neurons
from KA-induced cell death and inflam-
mation. Next, we analyzed the neuropro-
tective effect of theGSK-3 inhibitor LiCl.
For this purpose, two additional groups of
rats were injected either with KA or with
KA plus LiCl, and the number of CA3 neurons and activated
microglial cells were determined in the hippocampus 24 h later.
As expected, LiCl alone does not alter any of the parameters
analyzed (data not shown). In contrast, LiCl administration
caused a moderate neuroprotective effect against KA-induced
injury (Fig. 5a,c) that was much lower than the one observed in
NP031112-treated animals. Correspondingly, the number of
OX-42-positive cells was slightly reduced in animals treated with
LiCl, compared with the KA-injected group (Fig. 5b,d). These
data further suggest that the effects of NP031112 are mediated
mainly throughPPAR activation, although some effects because
of its inhibition of GSK-3 cannot be discarded.
Figure 3. Neuroprotective effects of NP031112 on KA-induced excitotoxicity. a, Rats were injected with saline, KA, or KA plus
NP031112 and killed at different times after injection. Neuronal cell losswas assessed in coronal brain sections, using a Nissl stain.
Arrows indicate the injection site. Insets, 400magnifications of Nissl-stained CA3 cells (boxed areas). No apparent cell loss was
observed in control animals. Three days after KA, cell loss was apparent on the CA3 and CA1 subfields of the hippocampus in both
KA and KA plus NP031112-injected rats. By day 9, cell loss was more prominent in KA-injected animals, whereas animals treated
with NP031112 showed no cell loss. V, Vehicle; NP, NP031112.b, The extent of neuronal damage in the CA3 area of the hippocam-
pus was quantified as described in Materials and Methods. Data were normalized against the mean values given by vehicle-
injected rats. Values represent themean SD from five different animals and five independent sections per animal. **p 0.01;
***p 0.001, versus vehicle-injected animals at each time point.
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Susceptibility of NP031112-treated rats to
KA-induced seizures
KA administered intraperitoneally at a dose of 10 mg/kg caused
the entrance in SE in 80% of rats (Fig. 6a). Intragastrical admin-
istration of NP031112 1 h before KA injection had no effect on
the percentage of rats reaching SE (80%), and only a small delay
in the entrance of SE could be observed [126  8.9 min in the
NP031112-treated rats, comparedwith 104 5.5min ( p	 0.01)
in the control animals]. During the latency period, KA-injected
rats displayed approximately the same number of WDS than
NP031112-treated rats (Fig. 6b). We next evaluated neuronal
damage in coronal brain sections of surviving rats 72 h after KA
administration (Fig. 6c). Low-power images of the Nissl-stained
hippocampus revealed extensive damage, evident in the CA1 and
CA3 regions, whichwas substantially attenuated by orally admin-
istered NP031112. Together, these results suggest that the neuro-
protective effects of NP031112 cannot be attributed to an anti-
convulsant action.
Discussion
Collectively, our data clearly show that administration of the
TDZD NP031112 in a rat model of excitotoxicity markedly in-
duces neuroprotection and attenuates the production of proin-
flammatory cytokines and activation of astrocytes andmicroglial
cells. Additionally, NP031112 actions appear to be mediated
mainly through activation of the nuclear receptor PPAR within
the hippocampal cells, although part of its effects could be attrib-
utable to its inhibitory action of GSK-3 activity, because amod-
est neuroprotective effect of LiCl was observed in vivo. These
results suggest that NP031112 can be a therapeutic agent in neu-
Figure 4. Effect of NP031112 administration on KA-induced glial activation. a–d, GFAP- and OX-42-positive cells in the hippocampus. Rats were injected with saline, KA, or KA plus NP031112
and killed 9 d after injection. Arrows indicate the injection site. Coronal sections (30m) were stained with mouse monoclonal antibodies directed against either GFAP (a) or cd11b (OX-42; c) to
detect astrocytes or microglial cells, respectively, as described in Materials and Methods. Insets, 400magnifications of GFAP- and OX-42-stained cells (boxed regions). A significant increase in
gliosis is observed after KA injection, which is prevented in the animals treated with NP031112. b, Quantification of the number of reactive astrocytes and their mean immunostaining intensity
evaluated in themolecular layer of the hippocampus. Values represent themean SD from five different animals and five independent sections per animal. ***p 0.001. d, Quantification of the
number of reactive microglial cells analyzed in the molecular layer of the hippocampus. Values represent the mean SD from five different animals and five independent sections per animal.
***p 0.001. e, Induction of TNF- in astrocytes, microglia, and neurons after KA injection is abrogated by NP031112. Coronal sections were double stained with a polyclonal antibody directed
against TNF- andwithmousemonoclonal antibodies directed against NeuN, GFAP, or cd11b (OX-42) and examined by confocal microscopy. Photomicrographs showing representative CA3 fields
for each group are shown. Scale bars, 10m. DAPI was used as a counterstain.
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rodegenerative disorders inwhich excitotoxic neuronal cell death
and inflammation processes are involved.
We initially analyzed the anti-inflammatory andneuroprotec-
tive effects of NP031112 in an in vitro model of excitotoxicity,
using primary cultures of astrocytes, microglia, and neurons. We
show that NP031112 attenuates glutamate-induced excitotoxic
glial activation and neuronal damage. NP031112 appears to be an
extremely potent agent, because its effects were achieved at much
lower concentrations than the two other TDZD compounds pre-
viously examined (Luna-Medina et al., 2005). The mechanism of
action of all of these TDZD compounds in the neuroprotection
experiments in vitro seems to be the activation of the nuclear
receptor PPAR, as suggested by the activation of a reporter gene
containing a PPAR response element and the blocking effect of
the PPAR antagonist GW9662 of their anti-inflammatory and
neuroprotective actions. Although the TDZD compounds have
been identified previously as ATP-noncompetitive inhibitors of
GSK-3 activity (Martinez et al., 2002a,b), and it has been shown
that inactivation of GSK-3 protects against KA-induced neuro-
toxicity in vivo (Goodenough et al., 2004), it is unlikely that a
direct inhibition of this enzyme by TDZDs represents the major
mechanism for their anti-inflammatory and neuroprotective ef-
fects in vitro, because these effects were not entirely mimicked by
LiCl, a selective inhibitor of GSK-3 activity.
In the present study, we focused on the study of the anti-
inflammatory and neuroprotective effects of NP031112, in an in
vivo experimentalmodel of excitotoxicity. Excitotoxicity is a con-
cept of neuronal cell death caused by overactivation of excitatory
Figure 5. The PPAR antagonist GW9662 abolishes NP031112 neuroprotection after KA injection. Rats were injected with saline (V), KA, KA plus NP031112 (NP), or KA plus LiCl and killed 24 h
after injection. Someanimalswerealso injectedwith0.7gGW9662 (GW).Arrows indicate the injection site.a, Neuronal cell losswasassessed in coronal brain sectionsusingaNissl stain.NP031112
treatment affords robust neuroprotection in the CA3 regions of the hippocampus 24 h after KA injection, whereas LiCl administration only had a small effect on the decrease in CA3 neurons elicited
by KA injection. Injection of the PPAR antagonist GW9662 after NP031112 and KA treatment abolished this neuroprotection. Treatment with the PPAR antagonist did not affect the number of
surviving neurons in any of the other treatment groups. b, Gliosis was assessed in similar brain sections by staining with a mouse monoclonal antibody directed against cd11b (OX-42) to detect
microglial cells. Treatment with GW9662 blocked the anti-inflammatory effect of NP031112. c, Quantification of neuronal damage in the CA3 area of the hippocampus. d, Quantification of the
number of reactive microglial cells analyzed in the molecular layer of the hippocampus. Values represent the mean SD from five different animals and five independent sections per animal.
***p 0.001 versus vehicle-injected animals; #p 0.05; ##p 0.01; ###p 0.001 versus KA-injected animals.
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amino-acid receptors and it is thought to
represent a common biochemical path-
way, which plays an important role in the
pathogenesis of many acute and chronic
neurodegenerative disorders such as
stroke, traumatic brain injury, amyotro-
phic lateral sclerosis, and Parkinson’s,
Huntington’s, and Alzheimer’s diseases
(Dirnagl et al., 1999; Doble, 1999; Nico-
tera et al., 1999). Also, and as pointed out
in the Introduction, one of the events as-
sociated tomany brain neurodegenerative
diseases is an inflammation response,
which has long been linked to neuronal
cell death (Barone and Feuerstein, 1999;
del Zoppo et al., 2000). Inhibition of this
process could then protect against neuro-
degeneration and expansion of brain in-
jury. This view is further supported by ep-
idemiological data showing that long-
term treatment with NSAIDs may protect
against Alzheimer’s and Parkinson’s dis-
eases (Chen et al., 2003; Hald and Lo-
tharius, 2005; Townsend and Pratico,
2005).
Here, we show that NP031112 has a
potent anti-inflammatory effect in vivo af-
ter KA-induced excitotoxicity. In theMRI
studies, we analyzed the effect of
NP031112 on the inflammatory process
induced by KA at different times after in-
jection. NP031112 treatment reduced the
extension and intensity of the inflamma-
tion in the hippocampus and completely
abrogated the reduction in NAA, which
has been widely used as an indicator of
brain pathology and of disease progression (Demougeot et al.,
2004). NP031112 also reduced the increase in lactate observed in
the KA-injected animals. Increases of lactate concentration are
often related to pathologies, which enhance the anaerobic path-
way (Choi et al., 2005; Moller et al., 2005; Williams et al., 2005).
In agreement with these findings, our results also demonstrate
that NP031112 significantly reduces other inflammatory param-
eters, such as the accumulation of reactive astrocytes and micro-
glia in the hippocampus. The underlying mechanisms of this
anti-inflammatory effect of NP031112 may involve the suppres-
sion of certain cytokines [e.g., TNF-, because it has been shown
that the production of this cytokine can predispose to local in-
flammation and contribute to brain injury initiation and pro-
gression (Chao et al., 1995; Rizzi et al., 2003)]. Indeed, our results
show that administration of NP031112 significantly decreased
TNF- levels in vitro and in astrocytes andmicroglial cells in vivo
after KA injection. Together, these data clearly indicate that
NP031112 plays an important role in neuroinflammation and it
is able to efficiently block this process when locally injected at
very low concentrations in the damaged hippocampus.
In addition to this potent anti-inflammatory action of
NP031112, the administration of this compound also causes a
significant delay of neuronal cell loss in the CA1 and CA3 subre-
gions of the hippocampus. Twenty-four hours after intrahip-
pocampal injection, KA causes a prominent decrease in the num-
ber of neurons in the CA3 field of the hippocampus, which is
blocked by NP031112 administration (Fig. 3). These in vivo data,
together with the observed neuroprotective action in vitro against
glutamate-induced neurotoxicity, suggest that, in addition to its
anti-inflammatory effects, NP031112 could exert a more direct
neuroprotective action. Notably, 9 d after NP031112 injection,
both areas of the hippocampus were almost completely recov-
ered. As expected, intraperitoneal injection of KA induced typical
behavioral activity and histopathological changes in the hip-
pocampus (loss of pyramidal cells in CA1 and CA3 areas).
NP031112 acute administration had no effect on the behavioral
seizures; however, it inhibited hippocampal damage, suggesting
that the neuroprotective effects of this compound are not exerted
through an inhibition of seizure activity.
Regarding the molecular mechanisms underlying the effects
of NP031112, the present data are consistent with PPAR playing
a major role on its action. Our results demonstrate that
NP031112 is able to strongly activate a consensus PPAR re-
sponse element in primary astrocytes in culture and that blocking
this activation with a known PPAR antagonist results in a pre-
vention of theNP031112 neuroprotective effects in vitro aswell as
in vivo. These results, together with the in vitro and in vivo exper-
iments using the GSK-3 inhibitor LiCl, suggest that, although
TDZDs were originally identified as GSK-3 inhibitors, the
mechanisms by which NP031112 exerts its neuroprotective and
anti-inflammatory effects in excitotoxic injury involvemainly the
activation of the nuclear receptor PPAR. In agreement with
these results, an anti-inflammatory and neuroprotective effect
has been suggested for other PPAR agonists (for review, see
Figure 6. Effect of NP031112 administered orally on behavioral activity and neuronal loss after injection of KA.a,b, NP031112
(50mg/kg)was administered intragastrically 1hbefore intraperitoneal injectionof KA (10mg/kg), and thebehavioral activitywas
analyzed. NP031112 has no significant effects on behavioral seizures induced by KA. Each value represents themean SEM from
at least nine animals. c, The data correspond to animals that entered SE. Animalswere treated as ina, and 72 h after KA injections,
animalswere killed and coronal hippocampal sectionswere stainedwith Nissl. NP031112-treated rats exhibited a diminished loss
of neurons in the CA1 and CA3 regions, when compared with KA-injected rats. V, Vehicle; NP, NP031112. Values represent the
mean SD from five different animals and five independent sections per animal. ***p 0.001 versus vehicle-injected animals.
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Landreth and Heneka, 2001; Townsend and Pratico, 2005).
Epidemiological studies have shown that the long-term use of
NSAIDs reduces the risk of developing and delays the onset of
both Alzheimer’s and Parkinson’s diseases (Chen et al., 2003).
Ibuprofen, an NSAID, reduces microglial activation induced
by -amyloid peptide (Combs et al., 2000) and amyloid
plaque load in an animal model of Alzheimer’s disease (Yan et
al., 2003). PPAR agonists of the TZD family, including ros-
iglitazone, pioglitazone, and troglitazone, have also been
shown to have anti-inflammatory and neuroprotective effects
(Diab et al., 2002; Camacho et al., 2004; Kiaei et al., 2005).
Additionally, 15-deoxy-- 12,14-prostaglandin J2, the most po-
tent natural ligand of PPAR, reduces in vitro microglial acti-
vation (Bernardo et al., 2000) and T cell activity in an animal
model of human multiple sclerosis (Diab et al., 2002). More
recently, a protective role of PPAR agonists against ischemic
brain injury has been demonstrated (Shimazu et al., 2005;
Sundararajan et al., 2005; Zhao et al., 2006).
In conclusion, we show that one single intrahippocampal in-
jection of the TDZD compound NP031112 affords robust neu-
roprotection of hippocampal neurons against excitotoxic injury
in adult rats. Our findings also suggest that the nuclear receptor
PPAR participates in this NP031112-induced neuroprotection.
Hence, NP031112 may hold promise for preventing permanent
neurological impairment in adults after a brain injury.
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